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1 From digestibility to saccharification 
 
1.1 Forage maize 
 
Maize silage consists of the whole harvested maize plant (stem, leaves, and grain), 
which is cut and ensiled anaerobically. Thus, the whole-crop maize silage consists of hardly 
degradable lignocellulosic material, hemicellulosic material, and starch. The aim of silage 
making is to preserve the crop with minimum loss of nutrients. Digestibility of the ear fraction 
in maize is close to 90% in contrast to about 50% of stover (Zimmer et al., 1990).  
It is believed that lignin physically hinders the accessibility of cell-wall 
polysaccharides to the hydrolytic enzymes during digestion, thereby limiting the nutritional 
value of forage crops. Thus, many breeding efforts for improving forage quality have focused 
on identifying forage crops with altered lignification. Breeding for high digestibility in forage 
maize is an important goal because it would improve animal intake, growth rate, and milk 
production (Lundvall et al., 1994). 
Forage crop breeding is characterized by different layers of complexity. Several 
factors need to be considered when determining forage quality, such as the fed animal species, 
the forage plant species (Andrae et al., 2001; Johnson et al., 2002, 2003), the cropping system, 
processing (Andrae et al., 2001; Johnson et al., 2002, 2003) and the method(s) used for forage 
quality evaluation. In addition, the optimum diet of animals depends on the product, such as 
beef or milk for cattle. Ruminants have a much better capability to digest fibrous 
carbohydrates compared to monogastrics and to convert poor quality protein and nonprotein 
nitrogen sources. Furthermore, intake and digestion by animals depends on forage properties 
such as its dry matter content, particle size, and the ensiling process. 
Moreover, the nutritive value of forage maize is affected by grain content, starch 
content of grain, oil content and protein content, neutral detergent fiber (NDF) content of 
stalk, cob and leaves and maturity at harvest. The digestibility of grasses as a general trait 
becomes markedly reduced during the course of the growing season. This reduction is largely 
caused by an increase in the content of poorly digestible cell wall structural components. In 
parallel, there is a decrease in the content of soluble carbohydrates–sugars. Furthermore, 
mechanical fragmentation has been shown to increase total-tract starch digestion (Dhiman et 
al., 2000) and milk production in some but not all trials (Dhiman et al., 1997). 
Dry matter water
Organic mattermin
NDF= hemicellulose + 
cellulose + lignin + minerals
solub




Extraction with neutral detergent (100°C, 1 hour)
Lipids, sugar, tanins, proteins, few minerals
Extraction with acidic detergent (100°C, 1 hour)
Hemicelluloses, few minerals
Figure 1. Use of detergents in the analysis of fibers, by a modified Van Soest method (L. thuriès from
AFNOR, 2004 “Norme expérimentale XP U44-162; amendements organiques et supports de culture ;
Fractionnement biochimique et estimation de la stabilité biologique; methode de caractérisation de la
matière organique par solubilisations successives” Afnor, Saint Denis la Plaine; 15p.
ADL = lignin 
+ minerals
Cel Extraction with sulfuric acid 72% (20°C, 3 hours)
Cellulose, few minerals






Forage maize breeding in Europe has originally been based on the concept that the 
best hybrids for grain production are also optimal for forage use. However, substantial 
genotypic variation for digestibility and yield of stover was found among hybrids suggesting 
that the non-grain portion of the maize plant offers considerable potential for the 
improvement in yield and forage of silage maize (Dhillon et al., 1990). 
The digestibility of forage maize can be evaluated with chemical and infrared 
methods. Using detergents, Van Soest (1974) separated cell complexes into soluble cell 
content and insoluble “neutral detergent fibre” (NDF) representing mainly the cell wall 
fraction. By acidic detergents further fractionation into a lignin (ADL, acid detergent lignin) 
and a non-lignin fraction (ADF-ADL; ADF: “acid detergent fibre”) is possible (Figure 1). 
Fiber and lignin, which can be quantified as neutral detergent fiber (NDF), acid detergent 
fiber (ADF), and acid detergent lignin (ADL), have been negatively correlated with 
digestibility (Hunt et al., 1992; Wolf et al., 1993). NDF consist largely of cellulose, 
hemicellulose, and lignin while ADF consisting largely of cellulose and lignin. 
Another method is near-infrared reflectance spectroscopy (NIRS) (Norris et al., 1976) 
in which large sample numbers can be investigated with low effort. Infrared spectra of ground 
materials (1400 to 2600 nm) can be employed to estimate a number of quality parameters. For 
most of the above mentioned quality characters, NIRS calibrations have been established for 
the major forage crops (Ralph et al., 2004, Barriere et al., 2003). Moreover, in view of 
developing DNA-markers for forage quality traits, NIRS allows quality evaluation at large 
scale as required for QTL mapping or association studies. 
 
1.2 Maize for agrocarburants 
 
Currently, most of the world ethanol production (>10 billion gallons) derives from the 
hydrolysis of starch (maize) and fermentation of sugar (sugarcane and sugar beet). This 
ethanol is often referred to as a first-generation biofuel (Yuan et al., 2008) and there has been 
considerable debate about its sustainability. In this conext, bioethanol produced from 
lignocellulosic biomass is an interesting alternative since lignicellulose raw materials do not 
compete with food crops and they are also less expensive than conventional agricultural 
feedstocks. Lignocellulose is the most abundant renewable biomass, its annual production has 
been estimated to reach 1,1010 MT worldwide (Sánchez and Cordona, 2008), but it is a more 
complex substrate than starch. Lignicellulose is composed of a mixture of carbohydrate 
Figure 2. From biomass to cellulosic ethanol (https://public.ornl.gov/)







polymers (cellulose and hemicellulose) and lignin which are tightly bound mainly by 
hydrogen bonds but also by some covalent bonds.  
The biological process for converting the lignocellulose to fuel ethanol requires: (1) 
delignification to liberate cellulose and hemicellulose from their complex with lignin (one of 
the most costly steps in the whole process) by using heat, enzymes or acids (Figure 2); (2) 
depolymerization of the carbohydrate polymers to produce free sugars; and (3) fermentation 
of mixed hexose and pentose sugars to produce ethanol (Figure 3). To understand the process 
of biofuel production from lignocellulosic biomass, there are several terms to become familiar 
with: the term feedstock refers to the biomass crop, and these are generally warm season C4 
perennial grasses, fast growing woody crops such as willow (Salix spp.) or poplar (Populus 
spp.) and common garden and agricultural waste. In the case of perennial grasses, the 
feedstock is generally allowed to senesce in the field. The biomass is harvested dry and 
transported to a cellulosic ethanol refinery where it underges saccharification. The term 
saccharification refers to the process of enzymatic bioconversion of cellulose and other wall 
polysaccharides into fermentable sugars but it is strongly inhibited by the presence of lignin. 
The inhibition of saccharification enzymes by lignin may result from the reduced accessibility 
to cellulose microfibrils, as well as the adsorbtion of hydrolytic enzymes to the lignin 
polymer. Furthermore, current chemical and physical strategies to remove lignin from 
biomass, such as treatment with steam or acid, result in the formation of compounds which 
can inhibit downstream processes of saccharification and fermentation. Therefore, prior to 
saccharification, a feedstock may be pretreated to loosen the interaction between lignin, 
cellulose and other wall polysaccharides and to increase the surface area for enzymes to 
access cellulose. It was found that such ensiled crops are very suitable for bioenergy 
production.  
One way to improve the process is also to look at the plant level. In many grass 
species that have potential as bioenergy feedstocks, such as switchgrass (Panicum virgatum), 
big bluestem (Andropogon gerardii) and eastern gamagrass (Tripsacum dactyloides), lignin 
comprises around 20% of total biomass (Stork et al., 2009). Although lignin itself has high 
energy density and prospects for biofuel production (Himmel et al., 2007; Wright and Brown, 
2007), for the purpose of accessing the sugars within the wall, much of the research has 
focused on reducing or modifying the lignin content in biomass or using pretreatment 

























































Figure 4. Internode elongation in maize. A, acropetal development along the maize stalk, the oldest
internode being near soil level while the younger internode is at the top of the stalk. B, basipetal
development along an internode. The younger portion is found at the bottom of the internode while the older



















Figure 5. Region of elongation and lignification in developing internode. Shaded bar indicate where
lignin has been deposited in the cell wall as determined by phloroglucinol-HCl stained. Spline plot indicate
the increase between two points to paint dot (adapted from Morrison et al., 1994).





While the lignocellulosic bioenergy platform is being developed, significant attention 
should also be given to potential transition crops like maize and sorghum, both of which have 
sequenced genomes, offer considerable genetic resources available after years of extensive 
breeding and are close models in both cell wall architecture and genome synteny to the future 
bioenergy perennial C4 grasses (Vermerris et al., 2007; Carpita and McCann, 2008). In terms 
of global grain or seed production, maize is the largest crop, producing about 820 million MT 
of grain and a similar amount of stems and stripped cobs (stover) that is potentially available 
for fuel production. Conversion of half the maize stover in the United States to cellulosic 
ethanol would produce about 51 gigaliters of ethanol (GLE). Thus, the total amount of stover-
based ethanol could approximately double the amount of ethanol produced from maize in the 
United States without expanded land use.  
The future of bioenergy will depend on multiple technologies, and taken from a plant 
biotechnology perspective, this will require a systemic approach to understanding cell wall 
biosynthesis, plant development and metabolic production. Collectively, these approaches 
will lead to a more cost-effective deconstruction of lignocellulosic biomass and more 
sustainable energy production. 
 
2 Maize stem anatomy revisited 
 
2.1 Development and anatomy of maize internodes 
 
2.1.1 Internode development  
At whole plant level, internodes of Gramineae elongate in acropetal succession with 
two or more internodes usually elongating simultaneously or in slightly staggered succession 
(Cherney et al., 1989). Development of the stem internodes of maize starts in the lowest 
internodes and elongation of internodes takes place in a sigmoidal pattern from the base to the 
top (Morrison et al., 1998). So, the internode located at the base of the stem completes its 
development first (the ‘oldest’ internode), followed by younger internodes higher up (Figure 
4). As a consequence, there is a gradient of physiological cell wall age from the top to the 
base of the stem (Figure 4A).  
When considering one internode, it passes through different successive development 
stages: cell division, cell elongation and cell differentiation. During cell division, new cells 



















Figure 6. Sections in internode at 7 leaf and flowering stages observed under bright light or fluorescence. A,
transverse section in the node at 7 leaf stage showing the location of vascular bundles. B-C, vascular bundles located
in the rind portion of internode and D-E, vascular bundles located in the pith region at 7 leaf stage under bright light
(stained with phloroglucinol) and fluorescence respectively, lignified protoxylem show a red coloration and a blue
fluorescence while phloem show only a green fluorescence. F, transverse section of internode under ear stained with
phloroglucinol at flowering stage, all lignified tissues show a red coloration. e: epidermis, mx: metaxylem, p:




















Figure 7. Scanning electron micrographs of the different lignified cell types in transversal or
longitudinal sections of maize node and internode at flowering stage. A, D and E, micrographs
show two different types of protoxylem (reticulated and anneled) found in vascular bundles in maize
internode. Transverse section showing in B, epidermal and subepidermal sclerenchyma and in C,
parenchyma. F and G are sections from the node showing two different types of xylem, punctuated









remains active until the final stage of internode elongation is reached. The first-formed 
(oldest) cells are found at the top of the internode and the last-formed (youngest) at the base. 
Each internode, therefore, provides a spatial resolution of the temporal events associated with 
secondary wall formation (Figure 4B). In temporal terms, assuming a linear rate of internode 
elongation, the polysaccharide networks which form the basis of both primary and secondary 
wall layers appeared to have been laid down within approximately 36 h while lignification 
continued for a further 3-4 days  (Morrison et al., 1994). This pattern of development might 
be expected to give rise to a biphasic thickening curve in which an initial rapid thickening of 
the wall associated with the laying down of structural carbohydrate is followed by a period of 
slow increases as the lignin macromolecules develop (Figure 5). 
 
2.1.2 Anatomy of young and elongating internodes 
The vascular system of monocotyledons usually consists of bundles that are scattered 
throughout the ground tissues of the stem. Monocot stems, such as corn, palms and bamboos, 
do not have a vascular cambium and do not exhibit secondary growth by the production of 
concentric annual rings. They cannot increase in girth by adding lateral layers of cells as in 
conifers and woody dicots. Instead, they have scattered vascular bundles.  
In young maize internodes, (7 leaves visible), from the outside to the inside part of a 
section, we can distinguish, epidermal layer, a rind of 6 to 8 layers of parenchyma cells, a 
large zone with numerous vascular bundles, and the pith with some dispersed vascular 
bundles (Figure 6A). According to their position in the internode (in the rind or in the pith), 
vascular bundles are surrounded by a large proportion of sclerenchyma mainly on xylem side 
(Figure 6 B-C) or forming a small cap on phloem side in the pith (Figure 6 D-E). Wiesner 
coloration indicated that only protoxylem elements had thick cell walls and this was the only 
tissue that stained positive for the presence of lignin (Figure 6 B, D) whereas examination of 
phenolic compounds under fluorescence revealed a panel of emission fluorescence according 
to the cell type (Figure 6 C, E).   
At flowering stage, examination of internode under ear, after Wiesner staining (Figure 
6F) revealed a strong red coloration of xylem vessels, of perivascular and sub-epidermal 
sclerenchyma and parenchyma located between vascular bundles in the rind. An electron 
micrography of each cell type allows observing perfored and reticulated xylem (Figures 7 A, 
D-G), sclerenchyma under epidermis with large secondary cell wall (Figure 7B) and 






Between the two stages described above (7 leaves to flowering), the patterns of tissue 
development follows successive steps. Just after 7 leaves stage, protoxylem vessels were still 
the only lignified tissue, but sclerenchyma cells surrounding some rind region vascular 
bundles had begun to thicken. Growth in cell diameter, particularly for pith parenchyma, was 
evident. With the end of internode elongation, the metaxylem had become lignified and 
sclerenchyma associated with vascular bundles had thickened and lignified. The phloem 
tissue in vascular bundles was not lignified and did not lignify as development continued. 
Parenchyma in the rind region had developed a thick and lignified secondary wall as post 
elongation development proceeded. A small number of lignified sclerenchyma cell clumps not 
directly associated with vascular bundles developed in the rind region and sclerenchyma also 
developed immediately under the epidermis. The parenchyma in the pith developed 
marginally thickened walls and stained positive for lignin; however, the first two or three cell 
layers immediately adjacent to pith region vascular bundles consisted of small-diameter 
parenchyma cells that did not become lignified at any point during internode development. 
Separating the internode, the node is strongly vascularized, with interconnecting network of 
vascular strands to irrigate both internode and leaves. One vascular bundle contains 3 to 6 
xylem elements mainly reticulated and anneled (Figures 7 D-G) and punctuated (Figure 7F). 
 
2.1.3 Vascular bundles structure and patterning                                                                                                                             
In the Gramineae, there are two basic types of arrangement of the vascular bundles: 
that in which the vascular bundles are arranged in two circles, the outer circle consisting of 
thin bundles and the inner of thick bundles, e.g. Triticum, Hordeum, Avena, and Oryza ; and 
that in which the vascular bundles are scattered throughout the entire cross-section of the 
stem, e.g. Sorghum, Saccharum, and Zea. The individual bundles of the Gramineae are 
collateral and are usually surrounded by a sclerenchymatous sheath (Metcalfe, 1960). The 
complicated arrangement of vascular bundles in the monocotyledonous stem, and especially 
in the Gramineae, is connected with the position of the various bundles of each leaf in the 
stem. According to Kumazawa (1961), three types of leaf trace bundles are present in the stem 
of Zea. The first type is represented by those bundles derived from mid-ribs and the larger 
lateral veins. These penetrate deep into the interior of the stem and then pass to the periphery 
in lower nodes. The second type is represented by leaf trace bundles derived from smaller 
lateral veins which, immediately on entering the stem, occupy the position of the outermost 
peripheral bundles with which they fuse sooner or later. The third type is represented by 
23
6
Figure 8. Vascularization of maize stalk and leaves. (1) diagrammatic representation of
longitudinally sectioned stem showing the vascularization. Mid-rib leaf traces unshaded: large lateral
leaf trace stippled: small lateral traces and very thin leaf bundles which fade out soon after entering
the cortex back. Coleoptile traces and the vascular system of the hypocotyl appear at the base of the
diagram and are drawn in solid black. (2) Diagram of a reconstitution of part of a node. (3) Outer
portion of cross-section of a young node showing the development of horizontal procambial strands
which interconnect the vertical bundles. (4) and (5) Cross-sections of monocotyledonous stems
showing tow types of arrangement of the vascular bundles . (4) Seacale, in which the vascular
bundles are arranged in tow rings. (5) Zea mays in which the vascular bundles are scattered
throughout the cross-section. (6) Moulding of vascular bundles architecture in maize internode.









Figure 9. Examination under fluorescence of sections along the internode under ear at flowering
stage. The internode was divided into three sections (bottom, middle and top) and for each section four
different regions (A, B, C and D) were examined under fluorescence to evaluate the lignification state.
On the right, the four sections have been stained with phloroglucinol which reveals lignified tissues.
Bright blue fluorescence indicate that lignification has not yet occurred while dark blue fluorescence
indicate that the tissue is lignified. We show here that in part A the sclerenchyma is lignified while in D












bundles that are very thin and which soon fade out within the cortex close to the level of the 
node. In the Gramineae there are special horizontal bundles at the nodes which connect the 
leaf bundles together (Figure 8). 
Examination of serial sections of a growing internode under fluorescence allows 
observing different types of vascular bundles (structure and morphology) all along the 
internode and in a same section. A shift in the position of the sclerenchyma surrounding the 
vascular bundles was observed from the top to the base of the stem (Figure 9). At the top of 
the stem, the sclerenchyma was roughly equally positioned on the abaxial and adaxial sides of 
the vascular bundles (Figure 9, row A-top). More towards the base of the stem, sclerenchyma 
was predominant on the adaxial side of the vascular bundles (Figure 9, row A-bottom). On the 
side part of the internode (Figure 9, row B) a similar pattern was observed all along the 
internodes. The corner of the section corresponds to a zone of transition of VBs (Figure 9, 
row C). At last, near the ear, the pattern of vascular bundles is quite different from the others 
side of the section. The rind with numerous small vascular bundles is less spread and large 
vascular bundles are usually observed in the pith.  
 
2.2 Internode composition  
 
All parts of the internode ultimately reach a final stage of differentiation and maturity. 
Lignification is thought to begin when secondary cell wall material starts being deposited, it 
serves to stiffen the cell wall, thereby fixing cell size once the cell itself is fully elongated. 
Deposition of lignin starts in the primary cell wall, and is then slowly extended in the 
direction of the cell lumen, following secondary wall build-up. 
Cell wall concentration and composition of the fourth elongated internode above 
ground level were examined by Jung and Casler, 2006 (Table 1). Cell wall concentration was 
low at sampling date 1 and did not change significantly among sampling dates 1 through 3, 
but was followed by a rapid increase in concentration over sampling dates 4 through 6 (Table 
1). Across hybrids, maximum cell wall concentration occurred at sampling date 7 followed by 
a decline until sampling date 9. In contrast, Klason lignin concentration declined from 
sampling dates 1 to 4, which was followed by an increase until sampling date 8 in lignin 
concentration (Table 1). Cell wall glucose concentration of maize stem tissues increased with 
each successive sampling date until a maximum was reached at sampling date 4 (Table 1). 
After the end of internode elongation by sampling date 6, glucose concentration of walls 
Sampling date
Trait† 1 2 3 4 5 6 7 8 9 10
g kg-1 organic matter
Cell wall 307 302 320 429 534 677 733 653 551 593
g kg-1 cell wall
Glucose 349 391 445 510 523 501 482 460 465 463
Xylose 180 182 190 224 244 239 233 226 216 220
Arabinose 100 94 86 56 34 23 18 18 20 22
Galactose 70 62 55 33 17 10 8 8 10 11
Mannose 38 36 33 22 15 10 8 8 10 9
UA 145 127 115 80 52 40 35 35 38 38
KL 109 98 65 56 86 136 165 195 186 184
FA-esters 1.20 1.62 2.76 5.57 5.96 5.08 4344 4.57 5.25 5.12
FA-ethers 0.41 0.57 0.43 1.99 3.50 4.81 5.52 4.81 5.17 4.77
PCA 0.84 0.84 1.12 7.59 14.64 23.46 29.65 32.65 34.90 35.04
Normalized to guaiacol yield
S/G ratio 0.08 0.03 0.02 0.55 0.84 1.37 1.74 1.87 2.15 2.24
† UA, uronic acids; KL, Klason lignin, FA-esters, ferulate esters; FA-ethers, Ferulate ethers; PCA, p-coumarate esters; S/G ratio,
syrongyl-to-guaiacyl monolignol ratio
Table 1. Summary cell wall concentration and composition data for the fourth elongating
internode above ground level of maize sampled at 10 stages of development. Data are
means for three hybrids grown at St.Paul, MN, in 1988 and 1999 (Jung and Casler, 2006).
Figure 10. Micrographs showing stem internode tissues of maize hybrid 632 at full physiological maturity
(mature grain, Sampling date 10) remaining after in vitro degradation by rumen microbes for 24 or 96 h. The
images were created by combining two adjacent fields of view. The double-ended arrow indicates the
approximate width of the rind region that remained non-degraded. Bar = 50 µm; par, parenchyma; scl,
sclerenchyma (Jung and Casler, 2006).
Figure 11. Examining the digestibility of the neutral sugars and uronic acids which are the building blocks of
wall polysaccharides improves understanding of the manner in which structural carbohydrate interact to limit
their digestibility. A substantial increase in degradability occurred between 24 and 96 h for glucose and xylose,
with smaller increases in degradability for arabinose, uronic acids and galactose. Most of the mannose was
degraded by 24 h (Morrison et al., 1996).
24h Polysaccharide degradability 96h Polysaccharide degradability


















































decreased with ensuing sampling dates until sampling date 8 when concentration of cell wall 
glucose stabilized. Xylose concentration in maize cell walls followed the same developmental 
pattern as glucose. In contrast to glucose and xylose, the remaining polysaccharide sugars 
(arabinose, galactose, mannose, rhamnose, and uronic acids) all declined from sampling date 
1 to a minimum by sampling date 6. Fucose was the least abundant cell wall polysaccharide 
sugar, and was only detected in maize from sampling dates 1 and 2 (data not shown). As 
ester- and ether-linked ferulates accumulated in cell walls, they followed similar patterns in 
cell wall concentration, but different timing. From sampling date 1, ferulate esters increased 
rapidly over successive sampling dates. A plateau in cell wall ferulate ester concentration was 
reached beginning at sampling date 4, although internodes from sampling dates 7 and 8 were 
lower than the maximum concentration observed at sampling date 5. Etherified ferulates were 
present at very low concentration for sampling date 1 and did not begin to increase in 
concentration until after sampling date 3. Ferulate ether concentration reached a statistical 
plateau from sampling date 5 onward, with a maximum numerical concentration at sampling 
date 7.  
The syringyl-to-guaiacyl monolignol ratio was extremely low for maize internodes 
from sampling dates 1, 2, and 3, but then increased sharply until sampling date 7, followed by 
a more gradual increase through sampling date 9. The concentration of p-coumarate esters in 
the cell wall followed a nearly identical pattern of increase to that seen for the syringyl-to-
guaiacyl ratio. 
 
2.3 Internode degradability 
 
Internode degradability has already been evaluated in maize in different manner, in 
tissues sections (Jung and Casler, 2006), or fragmentated sections (Morrison et al., 1996). 
Thus, Jung and Casler, 2006 observed stem section of internode at maturity after in vitro 
degradation by rumen microbes for 24 or 96h (Figure 10). They observed that pith 
parenchyma immediately interior to the rind region of the stem was almost completely 
degraded within 24h whereas the parenchyma located in the more central pith region was less 
degraded and parenchyma surrounding vascular bundles were completely degraded. To go 
further in understanding the degradability of cell wall components in maize internode during 
stalk development, Morrison et al., 1996 evaluated by liquid chromatography the neutral 






Degradability of wall polysaccharides declined markedly from the youngest internode (I13) 
through I11 and then leveled off or declined more slowly through the remaining internodes, 
especially in the pith tissue (Figure 11). During both fermentation times, pith of the younger 
internodes (I13 to I11) degraded more quickly and extensively than rind; differences in 
degradability between pith and rind widened with increasing internode maturity. Potentially 
degradable (96 h) polysaccharide in both pith and rind of I13 was near 90% and remained 
above 75% in the pith of older internodes, whereas the rind tissue of older internodes 
degraded only 67%. 
 
3 Last knowledges on cell wall structure and composition in maize 
 
Plant cell walls regulate cell growth and provide structural integrity and mechanical 
support for the plant (Carpita and McCann, 2000). Growing cells continuously manufacture 
cell wall material, which may differ depending on the spatial arrangement and the 
developmental context of the individual cells. However, as a rough estimate, there exist two 
major types of cell walls in plants: the primary and the secondary cell wall, clearly 
distinguished by structure, composition, and function but they both contain cellulose and 
hemicelluloses (Carpita and McCann, 2000). Primary cell walls are initiated during cell 
division and are reinforced during cell growth (Sánchez-Rodríguez., 2010).The primary walls 
are mainly composed of the carbohydrate-based polymers cellulose, hemicelluloses, and 
pectins, and heavily glycosylated proteins. After cessation of cell growth, secondary cell walls 
are deposited inside the primary walls in certain cell types, such as fibers and tracheary 
elements. The rigid secondary walls settle the shape and mechanical characteristics of cells 
and typically comprise cellulose, hemicelluloses, and the phenolic polymer lignin (Turner et 
al., 2007). A specificity of grasses is to contain hydroxycinnamates, particularly ferulate and 
p-coumarate. While p-coumarates are mostly bound to lignin (Ralph et al., 1994) and only to 
a lesser degree to arabinoxylans (Ishii and Hiroi., 1990; Allerdings et al., 2006), ferulates are 
primarily acylating the O-5 position of arabinose side-chains in arabinoxylans (Ishii, 1997).  
 
3.1 Cell wall polysaccharides 
 
Classically, cell wall polysaccharides have been grouped into cellulose, 
hemicelluloses, and pectins. Among these polysaccharides, cellulose is the most important 
Figure 12. Schematic representation of hypotheses regarding wall polysaccharide biosynthesis. Wall
polysaccharides are made in two cellular compartments. Cellulose is made at the plasma membrane. (a)
Rosettes move in the plane of the membrane, guided by cortical microtubules, producing cellulose
microfibrils in the wall that have same orientation as the microtubules in the cytosol. (b) It is thought that
each hexameric rosette comprises six rosette subunits, and that each rosette subunit contains six CESA
proteins, providing a total of thirty-six CESA proteins per rosette. Each CESA protein is predicted to span
the membrane via eight transmembrane domains, with the N-terminus, the C-terminus and the active site
facing the cytosol. The growing glucan chain is thought to move through a channel in the membrane to the
wall, where it coalesces with other glucan chains to form a microfibril. (c) Matrix polysaccharides are
synthesized in the Golgi before deposition into secretory vesicles that deliver them to the cell surface. The
backbones of at least some hemicellulosic polysaccharides are synthesized by CSL proteins that show
sequence similarity to the CESA proteins. (d) The topology of the CSL proteins is not known, but two
possibilities are shown. If the CSL proteins use sugar nucleotides (NDP-□) present in the Golgi lumen,
then the model shown in top part of (d) would apply. If the CSL proteins operate in the same way as the
CESA proteins, then the model shown in the lower part of (d), and in an expanded view in (e), would be
favored. The glycan synthases are thought to form complexes with glycosyltransferases that add side
chains to the polymer (bottom part of [d]). Such organization in a complex might be especially important
for the synthesis of polysaccharides such as XyG, which has a regular pattern of side-chain substitution.
TMD, transmembrane domain (Lerouxel et al., 2006).
Plant cells
Cell wall




Figure 13. Cellulose structure. Within the plant cell wall, chains of cellulose molecules associate with other
polymers to form linear structures of high tensile strength known as microfibrils. Layers upon layers of microfibrils
make up the cell wall. Cellulose core is surrounded by hemicellulose. Paracrystalline cellulose has a less ordered
structure than crystalline cellulose. Each cellulose molecule is a linear polymer of thousands of glucose residues.
Cellobiose, which consists of a pair of glucose residues (one right side up and one upside down) is the repeating unit



















and normally the most abundant wall component. Pectins are highly heterogeneous 
polysaccharides, traditionally characterized by being relatively easily extracted with hot acid 
or chelators and by containing a large amount of galacturonic acid residues. Hemicelluloses 
traditionally comprise the remaining polysaccharides, which can be extracted with alkaline 
treatment. β-(1→3,1→4)-glucans in grass cell walls and part of the arabinoxylans in cereal 
endosperm are considered hemicelluloses but are quite readily extracted without  alkaline 
treatment. To date, in spite of genetic and genomic strategies to identify genes and proteins 
required for cell wall biosynthesis, the processes and players involved in assembling 
functional cell walls from components synthesized at different cellular locations are largely 
unknown but numerous models have been proposed (Guerriero et al., 2010) (Figure 12).  
 
3.1.1 Cellulose 
Cellulose is ubiquitous among plants and is considered to be the world’s most 
abundant biopolymer (Saxena and Brown., 2005) representing about 90% of the cell wall 
polysaccharides. Cellulose can thus be considered as an important source of raw material 
(Somerville, 2006). In a more long-term perspective, cellulose is also expected to become a 
large source of biofuel production (Somerville, 2007). 
Cellulose is a polysaccharide composed of repeat units of cellobiose (Figure 13). 
Cellobiose is a disaccharide made up of two β-D-glucopyranose linked in C1β/C4. The 
addition of cellobiose at each end of the molecule gives the formation of a linear ribbon 
stabilized by H bonds. Other bonds are set up between the C6 oxygen of a glucose residu of a 
chain and the oxygen of a glycosidic band of another chain (Rees et al., 1982). It results in the 
formation of an ordered linear molecular aggregate having crystalline properties: these are the 
cellulose microfibrils (Figure 13). In the primary wall of higher plants, cellulose microfibrils 
are about 3nm in diameter and generally consist of parallel arrangements of 36 crystalline, 
parallel β-1,4-glucan chains (Somerville, 2006). These microfibrils are believed to consist of 
8000 (primary cell wall) to 15 000 (secondary cell wall) glucose molecules, making the 
cellulose microfibril one of the longest bio-macromolecules known in nature (Somerville, 
2006). Their degree of crystallinity increases with the cell’s age. It is relatively weak in young 
cells due to the presence of the primary wall only and increases by 70% in mature cells, 
particularly because of secondary walls (Brown, 1996). Intrachains hydrogen bonds are due to 
the presence of the hydroxyls groups carried by the other carbons of the glucose monomer in 






interchains hydrogen bands maintains these long parallel molecules together. 50 to 100 
cellulose molecules form a protofibril of unknown length. These protofibrils are grouped by 
20 in microfibrils which themselves are joined together in a beam giving a microfibril (Emons 
and Mulder, 2000). Due to its compact structure, cellulose is a material resistant to chemical 
and enzymatic attacks and is well adapted to ensure mechanical functions. 
Membrane-bound cellulose synthase enzyme complexes are required for cellulose 
biosynthesis. These transmembrane complexes, visible when plant cells are examined using 
freeze-fracture electron miscrocopy (Saxena and Brown, 2005; Somerville, 2006), are 
organized as hexameric rosettes of approximately 25-30nm in diameter and are assumed to 
consist of 36 individual cellulose synthase catalytic subunit (CESA) proteins that are encoded 
by the CESA genes (Somerville, 2006). It is thought that each hexameric rosette comprises six 
rosettes subunits and that each rosette subunit contains six CESA proteins, providing this total 
of 36 CESA proteins per rosette. CESA complexes are assumed to be assembled in the Golgi 
and the exported to the plasma membrane via exocytosis (Somerville, 2006). The deposition 
of primary cell wall cellulose is highly ordered and thought to be guided by cortical 
microtubules (Baskin, 2001; Baskin, 2005; Emons et al., 2007) at least in rapidly expanding 
cells (Paredez et al., 2006). Hence, cellulose microfibrils tend to be deposited parallel to the 
microtubules in these cells. When cytosolic uridine-diphospholgucose (UDP-glucose) is used 
as substrate, each rosette subunit is thought to extrude multiple β-1,4-glucan chains that 
coalesce as microfibrils outside the plasma membrane (Saxena and Brown, 2005; Somerville, 
2006). 
Importantly, at least three different CESA proteins are required to form a functional 
rosette complex (Taylor et al., 2000; Desprez et al., 2007). In Arabidopsis, CESA1, 3 and 6 
are required for cellulose biosynthesis in primary cell walls (Robert et al., 2004), whereas 
CESA4, 7 and 8 are required for cellulose biosynthesis during secondary cell wall formation, 
respectively (Taylor et al., 2003; Somerville, 2006). Similar divergences between primary and 
secondary cell walls have been observed in other species such as barley (Burton et al., 2004) 
and rice (Tanaka et al., 2003). Plant genomes typically contain multiple CESA genes as part of 
a gene family. For example, there are ten CESA genes in Arabidopsis, rice has at least nine 










ZmCesA1-8 are highly 
expressed in roots





Figure 15. Expression analysis of CesA genes in different zone of an elongating internode. ZmCesA 1,7 and 8
are highly expressed in the elongation zone whereas ZmCesA 3,5 and 6 are mostly expressed in the transition
zone. ZmCesA 10-12 increases along the development of the internode with highest levels in the vascular bundles





• The maize  cellulose synthase gene family 
A previous report described nine of the maize CesA genes that were isolated from the 
Pioneer Hi- Bred EST database (Holland et al., 2000). Later, Appenzeller et al., 2004 have 
isolated 12 members of the cellulose synthase (CesA) gene family from maize. The genes 
involved in primary wall formation appear to have duplicated relatively independently in 
dicots and monocots. The deduced amino acid sequences of three of the maize genes, 
ZmCesA10–12, cluster with the Arabidopsis CesA sequences that have been shown to be 
involved in secondary wall formation. Based on their expression patterns across multiple 
tissues, these three genes appear to be co-ordinately expressed. The remaining genes show 
overlapping expression to varying degrees with ZmCesA1, 7, and 8 forming one group, 
ZmCesA3 and 5 a second group, and ZmCesA2 and 6 exhibiting independent expression of 
any other gene. This suggests that the varying levels of coexpression may just be incidental 
except in the case of ZmCesA10–12, which may interact with each other to form a functional 
enzyme complex. Isolation of the expressed CesA genes from maize and their association with 
primary or secondary wall formation has made it possible to test their respective roles in 
cellulose synthesis through mutational genetics or transgenic approaches.  
ZmCesA1–8, with the exception of ZmCesA2, are mainly expressed in roots and 
kernels (Figure 14). These maize genes are phylogenetically closer to the CesA genes from 
Arabidopsis known to be involved in cellulose synthesis in primary walls. In contrast, 
ZmCesA10, 11 and 12 are selectively expressed in the stalk, a tissue rich in secondary wall 
(Figures 14, 15). The expression pattern of ZmCesA10–12 parallels the cellulose content in 
internode. However, ZmCesA12 being expressed at a lower level in the vascular bundles 
implies that it may also be expressed in sclerenchyma surrounding vascular bundles. 
ZmCesA11 and 6 – 8, may be mainly responsible for making cellulose in the non-vascular 
ground tissue cells in the maize stalk.  
ZmCesA6 has maximal expression in leaves and is the most highly expressed CesA 
gene in this tissue. It is likely that ZmCesA1 and 6–8 are responsible for making cellulose in 
leaf cells where primary wall synthesis is taking place such as mesophyll cells, phloem 
elements, and fiber cells in vascular bundles before the onset of secondary wall formation. 
ZmCesA10–12 seem responsible for making cellulose in the cells undergoing secondary wall 
synthesis in vascular bundles. In contrast, ZmCesA3 and 5, the two other CesA genes 
expressed in the leaf, are expressed at their highest level in the cell division zone and are the 
most abundantly expressed of the CesA genes in this region of the leaf.  
Figure 16 Partial structures of some hemicelluloses. Linear (14)-β-linkes backbones carry short side
branches. (a) Xyloglucan: a D-glucan backbone carries side branches. Those illustrated are common in
primary cell-wall xyloglucan. Xyl, D-xylose linked (16)-α to the backbone; Gal, D-galactose linked
(12)-β to xylose; and Fuc, L-fucose linked (12)-α to galactose. (b) Xylan: a D-xylan backbone carries
short side branches, commonly including 4-O-methyl-D-glucuronic acid (4MeGA) linked (12)-α and
(13)-α to the backbone. (c) Galactomanna: a D-mannan backbone carries D-galactosyl (Gal) side branches
linked (16)-α to the backbone. (Reid, 2000).
Table 2. Occurrence of hemicelluloses in primary and secondary walls of plants (Scheller and Ulvskov,
2010).
Amount of polysaccharide in wall (% w/w)a
Polysaccharide
Dicot walls Grass walls Conifer walls
Primary Secondary Primary Secondary Primary Secondary
Xyloglucan 20-25 Minor 2-5 Minor 10 -b
Glucuronoxylan - 20-30 - - - -
Glucuronoarabinoxylan 5 - 20-40 40-50 2 5-15
(Gluco)mannan 3-5 2-5 2 0-5 - -
Galactoglucomannan - 0-3 - - +b 10-30
β-(1→3,1→4)-glucan Absent Absent 2-15 Minor Absent Absent
a Numbers are typical values, actual values vary between different species and tissue types. Numbers are obtained from 
several different sources 





In conclusion, three of the twelve maize CesA genes, ZmCesA10–12 appear to be 
involved in secondary wall formation based on their expression patterns from leaves and 
internodes. All the remaining genes appear to be largely expressed in the primary wall-
forming cells. 
 
3.1.2 Hemicellulose  
Hemicelluloses are polysaccharides in plant cell walls that have β- (1→4)-linked 
backbones with an equatorial configuration. Hemicelluloses include xyloglucans, xylans, 
mannans and glucomannans, and mixed-linkage glucans (β-(1→3, 1→4)-glucans). These 
types of hemicelluloses are present in the cell walls of all terrestrial plants, except for β-
(1→3,1→4)-glucans, which are restricted to Poales and a few other groups (Buckeridge, 
2004). The detailed structure of the hemicelluloses and their abundance vary widely between 
different species and cell types (Figure 16). The most important biological role of 
hemicelluloses is their contribution to strengthening the cell wall by interaction with cellulose 
and, in some walls, with lignin (Scheller and Ulvskov, 2010). 
 
• Xyloglucan 
Xyloglucan is a minor component of the primary cell walls of Poaceae plants (Figure 
16), such as maize: as a consequence, other hemicelluloses such as glucuronoarabinoylans are 
believed to play a pivotal role in the organization of the cellulose/hemicellulose network in 
these plants (Carpita and Gibeaut, 1993). Hayashi and Kaida, 2011, demonstrated that 
xyloglucan plays a key role in the loosening and tightening of cellulose microfibrils, enabling 
the cell to change its shape in growth and differentiation zones and to retain its shape after 
cell maturation. The less substituted XXGG structure predominates in cell walls of 
commelinoid monocots, which are also distinguished by the low content of XyG in the 
primary walls, typically 1–5% compared with 20% in dicots (Table 2). The occurrence of the 
fucose containing XyG F-chain in the grass family is particularly enigmatic. Purified 
hemicellulose fractions of oat and rice did not contain detectable fucose (Labavitch et al., 
1978; Kato and Nevins, 1992), and such studies led Hayashi (1989) to state that grass XyG 




Figure 17. Representation of (13)(14) β-D-glucans polymers (Buchanan et al., 2000).
Figure 18. Schematic representation of the key events in cell wall biosynthesis. Cellulose biosynthesis
occurs at the plasma membrane in large complexes visualized as rosettes. The synthesis of matrix
polysaccharides and lycoproteins occurs in the Golgi where the products accumulate in the lumen before
transport to the cell wall via vesicles. The regulation of these biosynthetic events is an important issue that
needs more study. Abbreviations used in the figure: CesA, cellulose synthase proteins that form the rosette;
NDP-sugar, nucleotide sugars that act as donors for the sugars that go into polysaccharides; Csl, cellulose






Xylans are a diverse group of polysaccharides with the common feature of a backbone 
of β-(1→4)-linked xylose residues (Figure 16). A common modification of xylans is 
substitution with α-(1→2)-linked glucuronosyl and 4-O-methyl glucuronosyl residues. In 
commelinoid monocots (which include grasses and some related species, xylans are the major 
noncellulosic polysaccharide in primary walls, constituting about 20% (Table 2) of the wall. 
These xylans usually contain many arabinose residues attached to the backbone and are 
known as arabinoxylans and glucuronoarabinoxylans (GAXs). Cereal endosperm 
arabinoxylan has very little glucuronic acid, but heteroxylans in vegetative parts of grasses are 
often called arabinoxylans, even though they tend to contain more glucuronic acid and 4-O-
methyl glucuronosyl residues, making GAX a more appropriate name. Arabinofuranose 
substitutions in grass walls are mostly from O-3 of the backbone xylose residues, and xylose 
residues doubly substituted with arabinofuranose at both O-2 and O-3 are common in grass 
endosperm (Ebringerová et al., 2005). Unlike XyGs, xylans do not have a repeated structure, 
and there are many variations in the structure that are not well known. A common feature of 
grass xylans is the O-2 linked xylose residues often found as substituents of feruloyl-
arabinofuranosyl side chains (Wende and Fry, 1997). 
 
• Mixed-linkage glucans, β-(1→3, 1→4)-glucans 
β-(1→4)-linked glucans with interspersed single β-(1→3)-linkages are well known in 
grasses (Figure 17), particularly in endosperm of kernels (Fincher, 1992). The glucan is not a 
random mixture of (1→3)β- and (1→4)β- linkages, but has a defined structure of cellotriosyl 
and higher cellodextrins each connected by single (1→3)β- linkages. The cellotriosyl unit is 
the smallest and most abundant cellodextrin unit found in the polymer, i. e. no alternating 
(1→4)β- and (1→3)β-linkages are ever observed. The ratio of the odd-numbered cellodextrin 
oligomers is generally about two-fold greater in abundance than the next higher even-
numbered oligomers in the series (Wood et al., 1994). This type of β-glucan is not found in 
angiosperm species outside the Poales (Smith and Harris, 1999). 
 
3.1.3 Pectins 
Pectin has functions in plant growth, morphology, development, and plant defence. It 
is widely accepted that pectins are polymerized in the cisGolgi, methylesterified in the medial 
Golgi cisternae (Figure 18) (Goldberg et al., 1996). Pectins are secreted into the wall as highly 
Figure 19. Schematic structure of pectin showing the four pectic polysaccharides homogalacturonan
(HG), xylogalacturonan (XGA), rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II)
linked to each other. The representative pectin structure shown is not quantitatively accurate, HG should be
increased ~12.5-fold and RG-I increased ~2.5-fold to approximate the amounts of these polysaccharides in
walls. Monosaccharide symbols used are taken partly from the Symbol and Text Nomenclature for







methylesterified forms. Pectins make up ~2-10% of grass and other commelinoid primary 
walls. They are abundant in walls that surround growing and dividing cells, walls of cells in 
the soft parts of the plant, and in the middle lamella and cell corners. Pectin is also present in 
the junction zone between cells with secondary walls including xylem and fibre cells in 
woody tissue.  
Pectins are a family of covalently linked galacturonic acid-rich plant cell wall 
polysaccharides (Figure 19) (Albersheim et al., 1996). Galacturonic acid comprises 
approximately 70% of pectin, and all the pectic polysaccharides contain galacturonic acid 
linked at the O-1 and the O-4 position. The most abundant pectic polysaccharide is 
homogalacturonan (HG), a linear homopolymer of α-1,4-linked galacturonic acid that 
comprises ~65% of pectin. The most structurally complex pectin, RG-II, makes up ~10% of 
pectin (O’Neill et al., 2004). Its structure is largely conserved across plant species and 
consists of an HG backbone of at least 8 1,4-linked α-D-GalA residues decorated with side 
branches consisting of 12 different types of sugars in over 20 different linkages. RG-I 
represents 20-35% of pectin. It contains a backbone of the disaccharide repeat [-α-D-GalA-
1,2-α-L-Rha-1-4-]n and exhibits a high degree of cell type and develop-dependent expression 
in the type and number of sugars, oligosaccharides, and branched oligosaccharides attached to 
its backbone (Ridley et al., 2001; Willats et al., 2001; Guillemin et al., 2005). 
 
• Non cellulosic polysaccharide biosynthesis and modifying enzymes 
During cell expansion, many enzymes play an important role in modifying the cell 
wall structure: endoglucanases; expansins; pectin methylesterase; pectinases, xyloglucan 
endotransglucosylase. These enzymes are also important in the regulation of growth and 
development. Pectin methylesterase (PME) is responsible for the demethylation of pectin 
prior to pectin’s degradation by the combined activities of polygalacturonase and pectate 
lyase. Polygalacturonases, pectate lyase and pectin methyesterase are the enzymes involved in 
pecin degradation. Maize XET action has been detected in vivo (Vissenberg et al., 2003) and 
XET activity measured in vitro (e.g. Pritchard et al., 1993). Xyloglucan 
endotransglucosylase/hydrolases (XTHs) are involved in the reorganization of cell walls by 
catalysing the cleavage and often also re-joining of xyloglucan endotransglucosylase (XET) 
enzymatic activity (Thompson and Fry, 2001). At present two XTHs have been reported in 
maize, namely Zm1005 (Saab and Sachs, 1996) and ZmXTH1 (Genovesi et al., 2008). In 
1979, Green and Northcote have been able locate two fucosyltransferase activities within the 
Figure 20. Structure of the three monolignols
Syringylp-Hydroxyphenyl Guaiacyl
Figure 21. Pathways of monolignols and p-hydroxycinnamic acid biosynthesis in maize. Routes towards coniferyl and
sinapyl alcohol via feruloyl-CoA (catalyzed by CCoAOMT), and route towards p-coumaric alcohol are considered to be
established. Another route towards sinapyl alcohol biosynthesis via caffeoyl aldehyde (catalyzed by an unknown OMT) is
hypothesized, in agreement with several literature data. Different hypothetical routes from caffeoyl quinic acid or caffeoyl-
CoA towards ferulic acid biosynthesis are also proposed, based on available maize and dicotyledonous plant data. PAL =
phenylalanine ammonia lyase, TAL = tyrosine ammonia lyase, C4H = cinnamate 4-hydroxylase, 4CL = coumaroyl-CoA
by 4-CoA ligase, HCT = hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase, C3’H = p-coumaroyl-
shikimate/quinate 3’-hydroxylase, CCoAOMT = caffeoyl-CoA O-methyltransferase, CoA-OMT = CoA O-
methyltransferase, CCR = cinnamoyl-CoA reductase, F5H = ferulate 5-hydroxylase, COMT = caffeic acid O-
methyltransferase, CAD = cinnamyl alcohol dehydrogenase, AcT = acyltransferase, ALDH = aldehyde dehydrogenase, FT





endomembranes root-tips cells of maize. One of them is thought to transfer fucose probably to 
polysaccharide or glycoprotein. Bondili et al., 2006 have reported the cloning, genomic 
characterization and functional expression of maize β1,2-xyloxyltransferase (XylT) and core 
α1,3-fucosyltransferase (FucT). They have reported the presence of at least three XylT and 
FucT gene loci in the maize genome. Kärkönen et al., 2005 have isolated two maize mutants 
in UDP-glucose dehydrogenases (UDPGDH), involved in cell wall pentose biosynthesis. 
They showed that leaf and stem non-cellulosic polysaccharides had lower Ara/Gal and 
Xyl/Gal ratios in udpgdh-A1 homozygotes than in wild-types, whereas udpgdh-B1 
homozygotes exhibited more variability among individual plants. 
Given the complexity of pectin structures, it is obvious that a large number of enzymes 
are required to synthesize these polysaccharides. With reasonable assumptions regarding the  
substrate specificity of the biosynthetic enzymes, Mohnen, 2008 has predicted that 67 
different glycosyltransferases (GTs), methyltransferase, and acetyltransferase are required. 
Only three of these enzymes have been unambiguously identified. Pectin biosynthesis has 
been studied for many years, and HG biosynthesis in vitro was demonstrated already in 1965 
(Villemez et al., 1965). Biosynthesis of arabinan and galactan was also demonstrated (McNab 




Lignin is, after cellulose the most abundant component of biomass. It is deposited in 
the secondary cell wall of vascular plants and its presence increases the efficiency of water 
transport, the stiffness of mechanical tissues and constitutes by itself a physical barrier against 
microbial attacks. However, the covalent interaction of lignin with cell wall polysaccharides 
makes this polymer undesired for biotechnological applications (Torney et al., 2007; Sticklen, 
2008; Vanholme et al., 2008). 
Lignins are phenolic polymers resulting from three monolignols: p-coumaryl, 
coniferyl, and sinapyl alcohol. These monolignols derive p-hydroxyphenyl H, guaiacyl G, and 
syringyl S phenylpropanoids units (Figure 20), respectively, which polymerize by oxidation 
to form lignins. In maize, lignins are predominantly comprised of G and S units (37,5 and 
60,0%, respectively, with a low, but noticeable content in H units (2,5%) which is nearly five 
times higher than in dicotyledonous plants (Lapierre, 1993). The H, G and S units of grass 
Table 3. Survey of genes involved in monolignol, or putatively involved in the final steps of
monolignol, and common phenylpropanoid compound biosynthesis based on MaizeWall and





lignins are interconnected through labile β-O-4 ether bonds, and through a series of resistant 
carbon-carbon and biphenyl ether linkages. 
Lignin is synthesized by the phenylpropanoid pathway (Figure 21), a metabolic grid 
that synthesises other secondary metabolites such as flavonoids and sinapate esters. A 
Phenylalanine ammonia lyase (PAL) catalyzes the first step by the deamination of L-
phenylalanine to produce cinnamic acid. Maize PAL also has a tyrosine ammonia lyase 
(TAL) activity (Rösler et al., 1997) catalyzing tyrosine deamination into pCA. In maize 
genome, there are six PAL genes, which correspond to three groups of probably duplicated 
genes and they are expressed in maize lignifying tissues (Table 3). A cinnamate 4-
hydroxylase (C4H, 2 genes) (Mizutani et al., 1997) catalyzes the hydroxylation of cinnamic 
acid and yields pCA, which is then converted into coumaroyl CoA by a 4-coumarate CoA 
ligase (4CL, 4 genes) (Voo et al., 1995). Through the formation of quinate or Shikimate 
esters, coumaroyl-CoA is converted into caffeoyl-CoA by a hydroxycinnamoyl-CoA 
shikimate/ quinate hydroxycinnamoyl transferase (HCT, 2 genes) (Hoffmann et al., 2004). 
The hydroxylation of these esters to caffeoyl analogues is catalyzed by a p-
coumaroylshikimate/ quinate 3’-hydroxylase (C3’H, 2genes) (Franke et al., 2002), giving 
trans-(p-caffeoyl)-shikimic and chlorogenic acids, respectively. The formation of caffeoyl-
CoA is obtained by the reverse-active HCT (Hoffmann et al., 2003, 2004; Shadle et al., 2007). 
Whether C3’H enzymes are active on both p-coumaroyl-shikimate and pcoumaroyl- quinate, 
or specialized on one ester, has not been established in maize.  
Recently, the lignin pathway has been based on a caffeoyl-CoA O-methyltransferase 
(CCoAOMT) hub (Meyermans et al., 2000). Partially separate pathways leading to G and S 
units could also be considered, corresponding to different spatio-temporal metabolons (Guo et 
al., 2001; Parvathi et al., 2001). G unit biosynthesis could be preferentially based on a 
caffeoyl-CoA methoxylation catalyzed by CCoAOMT activities, while S unit biosynthesis 
could be preferentially based on caffeoyl-aldehyde methoxylation catalyzed by O-
methyltransferase (OMT) activities. OMT involved in this last reaction was first considered as 
caffeic acid O-methyltransferase (COMT), based on experiments in alfalfa and Arabidopsis 
(Guo et al., 2001; Parvathi et al., 2001). Five CCoAOMT genes exist in the maize genome, 
but CCoAOMT4, which is in duplicate position with CCoAOMT5, appeared to be of little 
importance in constitutive lignification (Guillamie et al., 2007a, b; Riboulet et al., 2009). 
Cinnamoyl-CoA reductases (CCR) catalyze the reduction of p-coumaroyl-, caffeoyl-, and 












Figure 22. (A) p-Coumaric acid ester-linked to S units of lignins; (B) Ferulic acid ester-linked to 



















found expressed in maize lignifying tissue, ZmCCR1 (Pichon et al., 1998) was the gene 
which was the most expressed and the most frequently expressed across stages (Guillaumie et 
al., 2007b; Riboulet et al., 2009). A maize, ZmCCR- mutant has recently been characterized, it 
showed an increase in S/G ratio and a strong decrease in H units (Tamasloukht et al., 2011). 
In sinapyl alcohol biosynthesis, a ferulate 5-hydroxylase (F5H) catalyzes the 5-hydroxylation 
of coniferaldehyde (and probably coniferyl alcohol) into 5-hydroxyconiferaldehyde (5-
hydroxyconiferyl alcohol, respectively) (Meyer et al., 1996). F5H1 had a strong expression in 
maize stalks (Riboulet et al., 2009), while F5H2 was mostly expressed in roots (Guillaumie et 
al., 2007b). 5-Hydroxyconiferaldehyde (and 5-hydroxyconiferyl alcohol) is methylated into 
sinapaldehyde by the COMT. Reduction of p-hydroxycinnamaldehydes leads to the three p-
coumaryl, coniferyl, and sinapyl alcohols (Boudet 2000, 2003; Boerjan et al., 2003). These 
steps are catalyzed by cinnamyl alcohol dehydrogenases (CAD) considered as active on the 
three p-hydroxycinnamaldehydes. The maize COMT is the only gene of the monolignol 
pathway which does not belong to a small multigene. 
 
3.3 Ferulic acid and coumaric acid 
 
Grass cell walls are atypical because their xylanes are acylated with ferulate and 
lignins are acylated with p-coumarate. Grasses have unusually high concentrations of ferulic 
and p-coumaric acids ester-linked to cell wall polymers (Figure 22A). Depending on the 
tissue and its stage of development, C4 grasses tend to have greater concentrations of these p-
hydroxycinnamic acids than C3 grasses; cell walls in maize (Zea mays L.) and other C4 
grasses contain up to 4% ferulate and up to 3% p-coumarate (Hatfield et al., 1999; Saulnier et 
al., 1999). 
Ferulic acid [first isolated in 1866 from Ferula foetid (Fazary and Ju, 2007)], is 
derived from phenylpropanoid metabolism, is found in both primary and secondary grass cell 
walls (Harris and Hartley, 1976), and is most abundant in the epidermis, xylem vessels, 
bundle sheaths, and sclerenchyma (Faulds and Williamson, 1999). 
Ferulate ester deposition began before ferulate ethers were observed in the cell wall, 
but both forms of ferulate continued to accumulate in secondary cell walls, long after 
internode elongation had ceased (Jung, 2003). Ferulate molecules connect lignin to 
arabinoxylans through ether bonds and other linkages (Figure 22B), and form dimeric 






1998). It has been proposed that development of ferulate cross-linking structures between 
arabinoxylan and lignin is the mechanism whereby grass cells end their elongation process 
and shift from primary to secondary wall development (MacAdam et al., 2002). p-Coumarate 
concentrations vary considerably between tissues, with extremely low levels in mesophyll and 
epidermis and moderate to high levels in pith parenchyma, sclerenchyma, and vascular 
bundles (Gordon et al., 1985; Chesson et al., 1997). The formation of ferulate dehydrotrimers 
occur in vegetative organs contributing to network formation in the cell walls of vegetative 





Plant cell walls are likened to reinforced concrete consisting of cellulose rods 
impregnated in a matrix of polysaccharides and protein. The major structural proteins (1-5%) 
include the extensins, the proline-rich proteins (PRPs), the arabinogalactan proteins (AGPs), 
all of which are viewed as hydroxyprolinerich glycoproteins (HRGPs), as well as the glycine-
rich proteins (GRPs). Each class of protein is defined by a characteristic, highly repetitive 
protein sequence. Most are glycosylated, contain hydroxyproline and become cross-linked in 
the cell wall.  
 
• Proline-rich proteins (PRPs) 
PRPs are implied in various aspects of development (Cassab, 1998). PRPs show tissue 
and cell specific expression. They are commonly present within the xylem fibers, epidermis, 
aleurones layers and the nodular parenchyma. PRPs are widespread in plants and function by 
modelling the architecture of the primary wall. Their expression can be controlled by wound, 
fungal elicitors, ethylene and light. They are deposited like a sheath surrounding the 
intercellular areas of junctions of the cortical and vascular parenchyma like and also in the 
punctuated areas of tracheary elements.  PRPs are highly abundant in the xylem suggesting a 
possible role in its differentiation or in lignification (Cassab, 1998). 
 In maize, a protein rich in proline ZmPRP, encoded by a single gene, is expressed in 
maturing regions of the root and in aerial parts of the maize seedlings, in the hypocotyls, the 
coleoptiles and especially in the coleoptiles node (Vignols and al., 1999). In these organs, the 






accumulation of ZmPRP mRNA is similar to that observed for genes coding for the enzymes 
implied in the biosynthesis of lignins like the COMT (Caffeic acid O-methytransferase) and 
like most cell wall proteins. The synthesis of ZmPRP is also induced by wounds. According 
to Vignols and al., 1999, these data support the hypothesis that ZmPRP is a member of a new 
class of fibrous proteins involved in the secondary cell wall formation in monocot species. 
 
• Arabinogalactan proteins (AGPs) 
Arabinogalactan proteins (AGPs) are a class of proteoglycans ubiquitously distributed 
throughtout the plant kingdom. They are characterized by a high content of arabinose and 
galactose in the carbohydrate moiety whereas the protein part, which contributes only 2-10% 
to the molecular weight, is commonly characterized by a high content of hydroxyproline, 
serine and alanine. AGPs might be involved in growth, development, formation of pollen 
tube, cell expansion (Majewska-Sawka and Nothnagel, 2000). They are frequently expressed 
in a tissue-specific way and are localized in the plasma membrane, at the plasma membrane-
cell wall interface, in the cell wall and in some cytoplasmic organelles. AGPs can also act in 
cell transduction or as cellular adhesion molecules necessary for normal growth and 
development (Showalter, 2001). Schindler et al., 1995 investigated the spatial and temporal 
expression of AGPs in the coleoptile of maize seedlings by monoclonal antibodies. They 
showed that AGPs serve as developmental markers defining particular features of future cell 
differentiation. 
 
• Glycine-rich proteins (GRPs) 
Glycine-rich proteins (GRPs) are a group of proteins characterized by their high 
content of glycine residues often occurring in repetitive blocs. Most of the GRPs known to 
date are thought to be structural cell wall proteins. Direct evidence for the localization of 
GRPs in plant cell walls is given for the GRP1.8 protein of French bean (Keller et al., 1988; 
Ryser et al., 1997) which has been shown to be associated with the vascular tissue. Besides 
their high glycine content, many GRPs share an additional common feature: they have 
hydrophobic amino terminal sequences that are most likely part of an ERtype signal peptide. 
The expression of GRP genes appears to be highly influenced by external stimuli, for example 
wounding (Showalter et al., 1991) and water stress (de Oliveira et al., 1990).  
 
 



















types of primary cell walls. The basic physical structure is the same: strata of cellulose microfibrils are coated with cross-
linking glycans, some of which extend and interconnect neighboring microfibrils. This fundamental framework is embedded
in a matrix of acidic polysaccharides, which serves as residence for numerous proteins and enzymes that function in wall
assembly and degradation. The distinctions between the two types of walls are the materials used in their construction. All
dicot and about a half of the monocot plants make a Type I cell wall (a). Xyloglucan is the principal cross-linking glycan of
the Type I wall: its (14)-β-D-glucan backbone is typically substituted with three contiguous xylose units, and several
other sugars, such as arabinose, galactose and fucose, are added to certain xylose units in a species- and cell-specific
manner. Type I-specific glucuronoarabinoxylans (GAXs), with most arabinosyl units on the O-2 position of the xylan
backbone, and glucomannans are also found in lesser abundance. The Type I wall is rich in uronic acid-rich pectins of two
kinds, homogalacturonans and rhamnogalacturonan I. Several neutral sugar-containing side-chains of β-galactans, α-
arabinans, and type I arabinogalactans are typically attached at the O-4 position of the rhamnose units. At the end of cell
growth, the Type I wall is cross-linked with several types of structural proteins, such as the hydroxyproline-, proline- and
glycine-rich proteins. The Poales and related commelinoid monocots make Type II cell walls (b). The GAXs are the major
cross-linking glycans of the cellulose microfibrils, but to hydrogen-bond to the surface of cellulose microfibrils and cross-
link them, the majority of the arabinosyl side-group substitutions at the O-3 position of the xylose unit must be removed.
The xylosyl units of GAX can be substituted with acetyl groups at the O-2 and O-3 position; the acetyl content of some





3.5 Type I and type II walls 
 
Two types of walls are found among angiosperms (Yokoyama and Nishitani, 2004) 
(Figure 23). ‘‘Type I’’ walls, which are found in dicots and the non-commelinoid monocots, 
contain about equal amounts of cellulose and cross-linking xyloglucans, with minor amounts 
of arabinoxylans, glucomannans, and galacto-glucomannans. This strong framework is 
embedded in a pectin matrix of homogalacturonans and rhamnogalacturonan I that controls 
several physiological properties, such as wall porosity, charge density, and microfibril 
spacing. A variant of homogalacturonan, called rhamnogalacturonan II, is decorated with 
sidegroups containing many rare sugars and linkage structures and forms boron di-diester 
dimers that function in control of porosity and tensile strength. Grasses and commelinoid 
monocots possess a ‘‘Type II’’ wall (Carpita and Gibeaut 1993). They contain cellulose 
microfibrils of the same structure as those of the Type I wall, but glucuronoarabinoxylans are 
the major microfibril tethering molecules. In Poales species, including all grasses, the mixed-
linkage (1  3),(1  4)-β-D-glucan is a major cross-linking glycan that appears specifically 
during cell elongation in certain tissues and accumulates to large amounts in the call walls of 
the endosperm of certain grains (Brown et al., 1997; Trethewey et al., 2005) . In general, grass 
walls are pectin poor and have very little structural protein compared to Type I walls. Instead, 
they possess extensive interconnecting networks of phenylpropanoids that form primarily 
when cells stop expanding. 
 
4 Different tools for maize analysis 
 
4.1 An in silico view of maize 
 
4.1.1 The maize genome fully sequenced.  
Like many cereals, maize has a large genome, ~2,4Gb, with a haploid chromosome 
number of 10. Maize is distinguished from other grasses in that its genome arose from an 
ancient tetraploidy event unique to its lineage. The maize genome is about 21 times larger 
than the Arabidopsis genome and consists of more than 88% of repetitive sequences and 
about 12% encoding genes giving a complex organization and in addition, it is highly 
polymorphic. Thus, individual line can be highly variable in sequence and gene content. In 
July 2001, a maize community workshop was held to discuss the sequencing of maize 
MaizeSequence http://www.maizesequence.org
MaizeGDB http://www.maizegdb.org Lawrence et al., 2004
GRAMENE http://www.gramene.org/
Ware et al., 2002
Jaiswal et al., 2006
PANZEA http://www.panzea.org Zhao et al., 2006
CEREALAB http://www.cerealab.unimore.it/jws/cerealab.jnlp Milc et al., 2011
GRASSIUS www.grassius.org Yilmaz et al., 2009
ProFITS http://bioinfo.cau.edu.cn/ProFITS Ling et al., 2010
PPDB http://ppdb.tc.cornell.edu Sun et al., 2009
MAIZEWALL http://www.polebio.scsv.ups-
tlse.fr/maizewall/indes.html Guillaumie et al., 2007b
CoP http://webs2.kazusa.or.jp/kagiana/cop0911/ Ogata, et al., 2010





genome and it was thereafter recommended that initial sequencing efforts should focus on 
B73 inbred lines. The public B73 line is the source of DNA for the BAC libraries used to 
construct the physical map as well as many public ESTs. The first stage towards sequencing 
the maize genome was to develop a detailed picture of its landscape. The precise organization 
of the sequence components within the genome was largely uncharacterised. As a result of 
coordinated research effects, substantial amount of information has been gathered about the 
genic and repeat sequence content. It has emerged that maize genome is organized by islands 
of genes surrounded by a sea of repetitive sequence. All these data have given rise to many 
databases wich are freely available online (Table 4). In 2009, the B73 line genome was fully 
sequenced (Schnable et al., 2009). Since, other maize lines have been partially sequenced 
(Mo17, Palomero). 
 
4.1.2 Maize databases 
 
• MaizeGDB 
The maize Genetics and Genomics Database (MaizeGDB) is a public database that 
store data related to the genetics and genomics of maize (Lawrence et al., 2004). These data 
include for example, locus information and map positions of genes, chromosomal variations 
(allelic diversity), probe sets used in mapping and phenotypic image data. In 2010, Sen et al., 
integrated a graphical genome browser to MaizeGDB. 
 
• Gramene 
Gramene is a specialized in grass comparative genomics (Ware et al., 2002a,b; Jaiswal 
et al., 2006). This database provides curated and integrative information about maps, 
sequence, genes, genetic markers, mutants, QTLs. Its aim is to use rice genome, the first 
fully-sequenced grass genome, as a framework to organize information for other grass species 
(maize, sorghum) and major plant models (Arabidopsis, Brachypodium, poplar, grape).  
 
• Panzea 
The Panzea database describes the genetic architecture of complex traits in maize and 
teosinte. It contains genotypic and phenotypic data and genetic marker information. The aims 
of the project are (1) to identify genes that control domestication traits and three key 






allelic series at these genes, examine their epistatic and environmental interactions, and thus 
take a step toward the ability to predict phenotype from genotype (Zhao et al., 2006).  
 
• CEREALAB 
The CEREALAB database aims to store genotypic and phenotypic data obtained by 
the CEREALAB project and to integrate them with already existing data sources in order to 
create a tool for plant breeders and geneticists (Milc et al., 2011). The database is divided into 
three sub-schemas corresponding to the species of interest: wheat, barley and rice. Each sub-




GRASSIUS (Grass Regulatory Information Services) integrates information on 
transcription factors (TFs) and gene promoters across the grasses [maize (Zea mays), sorghum 
(Sorghum bicolor), sugarcane (Saccharum spp.) and rice (Oryza sativa)] (Yilmaz and al., 
2009). TFs are classified into families and phylogenetic relationships. This database also 
provides a centralized clearinghouse for TF synonyms in grasses.  
 
• ProFITS 
The ‘ProFITS’ (Protein Families Involved in the Transduction of Signalling) database 
of maize has been developed, using B73 maize genome and full length cDNA (FLcDNA) 
datasets, with the aim to facilitate study on signal transduction in maize genome (Ling et al., 
2010). This database categorizes transcription factors, protein kinases/phosphatases (PKs/PPs) 
and unbiquitin-proteasome-system (UPS)-related genes.   
 
• PPDB 
The Plant Proteomics Database, launched in 2004, provides an integrated resource for 
experimentally identified proteins in Arabidopsis and maize (Sun et al., 2009). So far more 
than 5000 accessions both in maize and Arabidopsis have been identified and more than 1500 

























MAIZEWALL is a database centralizing 735 gene sequences involved in cell wall 
biosynthesis and assembly (Guillaumie et al., 2007b). This database contains a full set of 
developmental gene expression data. Genes are ranked from the greatest to the least expressed 
per organ and internode stage. For each gene family, individual pages and detailed 
bioinformatic analysis are provided. The user can also find contig sequences corresponding 
RNA accession numbers and sequences, putative function, and the closest homolog in 
different plant species, including Arabidopsis and rice, etc. Genes were also clustered to 
determine those that have overlapping developmental expression profiles. 
 
• CoP 
CoP  is a database associating co-expressed gene modules with biological information, 
such as gene ontology and metabolic pathways obtained from eight plants species: 
Arabidopsis thaliana (thale cress), Glycine max (soybean), Hordeum vulgare (barley), Oryza 
sativa (rice), Populus trichocarpa (poplar), Triticum aestivum (wheat), Vitis vinifera (grape) 
and Zea mays (maize). Comparing these modules across plant species provide fundamental 
data for the hypothesis of gene function (Ogata et al., 2010).  
 
4.2 Exploring genetic diversity with natural mutants and genetic engineering  
 
There are several genetic approaches for enhancing the digestibility of forage maize 
(Figure 24): (1) breeding for lower fiber and lignin concentration with conventional methods; 
(2) using known cell wall mutants, the case of brown midrib (bm); and (3) manipulating genes 
of the lignin, cellulose, and hemicellulose pathways via genetic engineering. 
  
4.2.1 Conventional methods  
 
4.2.1.1 Quantitative Trait loci (QTLs)  
The studies published to date on several maize RIL progenies showed that many genes 
are likely to be involved in cell wall biosynthesis, and many QTLs affect the variation of 
silage quality (QTL for cell wall digestibility) and cell wall-related traits (QTLs for lignin and 
p-hydroxycinnamate content) (Fontaine et al., 2003; Lübberstedt et al., 1997, 1998; Méchin et 






The candidate genes for cellulose and lignin biosynthesis have been identified for 
some QTLs (Ralph et al., 2004; Krakowsky et al., 2005; Cardinal et al., 2003). For example, 
Krakowsky et al., 2005 mapped QTLs for fiber and lignin in the maize stalk from 191 RILs 
and compare them with QTLs from other populations. The QTLs were detected on nine 
chromosomes, mostly clustered in concordance with the high genetic correlations between 
NDF and ADF. Many of the QTLs detected in this study have also been detected in other 
populations, and several are linked to candidate genes for cellulose or starch biosynthesis.  
QTLs for cell wall sugar composition have also been mapped using the IBM (B73-
Mo17) recombinant inbred line population (Hazen et al., 2003). Thirteen QTLs were found, 
affecting the content of Xyl (2 QTLs), Ara (2 QTLs), Gal (5 QTLs), Glc (2 QTLs), Ara-Gal 
(1 QTL), and Xyl-Glc (1 QTL). On maize chromosome 3, two regions , affecting Ara-Gal and 
Ara, could be aligned with a syntenic region on rice chromosome 1.  Two of these genes 
encode putative glycosyltransferases, displaying similarity to carbohydrate-active enzyme 
database family GT4 (galactosyltransferases) or to family GT64 (C-terminal domain of 
animal heparan synthases).  
To date, no QTL has been described for H, G, and S lignin units in grasses, except one 
QTL for S/G ratio given by Ni et al., 1998 in bin 7.02. Only two investigations (Ni et al., 
1998; Fontaine et al., 2003) are giving QTL positions for pCA and FA content in grasses. 
Among the five QTLs for pCA content, two were located in bins 7.02 and 9.01, respectively, 
in which no QTL for lignin content were found in any of the eight available RIL progenies. 
Similarly, only one QTL for esterified FA content out of three was located in a location (bin 
4.08) in which a QTL for lignin content has also been found. QTL for etherified FA content 
have been detected in four locations (Ni et al., 1998; INRA Lusignan unpublished data). 
Till now, the different results have been obtained from different populations, using 
different maps. Meta-analysis of QTL results has been proposed as a way to synthesize 
information (Truntzler et al., 2010) and to estimate the position of metaQTLs (consensus 
chromosome regions) with an increased accuracy compared to position estimates of 
individual QTL (Goffinet and Gerber, 2000). Synthesis of avalaible data has shown that 43 
genomic locations were involved in lignin content in maize plants (8 RIL progenies, Barrière 
et al., 2008). QTLs were scattered throughout the maize genome, except on chromosome 7 
which carried only two QTLs of low R2 values. An important hot-spot was observed in bin 
5.03 (/5.04) in the upstream region of the bm1 location with a cluster of five QTLs. Similar 






colocalized exactly in bin 1.07, with alleles increasing lignin content that originate from the 
corn borer resistant lines B52 and DE811 (Krakowsky et al., 2003). In bin 4.05, two QTLs 
were found in a similar location close to the bm3 position.  
 
4.2.1.2 Expression quantitative trait loci (eQTL) 
Genetic and gene expression approaches have been joined in the concept of "genetical 
genomics" which aims to detect eQTL (expression quantitative trait loci) controlling gene 
expression differences (Druka et al., 2010). Often, eQTL map to the genetic position of the 
respective gene itself, indicating that cis changes (within the gene) are responsible for the 
different levels of expression. In contrast, genes revealing (trans) eQTL at positions different 
from the genetic position of the respective gene are thought to be regulated by, e.g., trans-
acting factors controlling their expression levels. Detection of the master regulators, affecting 
expression levels of groups of genes, is a major feature of eQTL studies (Shi et al., 2007). 
Although the cDNA array highlights gene types, trans-acting factors or metabolic bottlenecks 
seem to play the major role in controlling heritable variation of gene expression related to 
cell-wall digestibility, since no in silico mapped ESTs were in the same location as their own 
eQTL. One eQTL hotspot was co-localized with cell wall digestibility related QTL cluster on 
bin 3.05, implying that in this case the gene(s) underlying QTL and eQTL are identical (Shi et 
al., 2007).  
 
4.2.1.3 Single Nuclear polymorphisms (SNPs) 
Even if major genes of the lignin pathway are known, and their down-regulation often 
reduced lignin content and/or improved cell wall digestibility, there is so far no clear evidence 
of their steady involvement in natural variation of cell wall digestibility. Association between 
their SNP polymorphism and cell wall digestibility has not yet been studied on a broad 
genetic basis, and only preliminary results on a small line sample have shown putative 
linkages. Several QTLs explaining a significant part of genetic variation for either lignin 
content or cell digestibility in maize did not seemingly colocalize with major genes of the 
lignin pathway, or their involvement is not yet entirely established. In maize, for instance, 
brown-midrib bm3 mutants have reduced lignin content and a greatly improved cell wall 
digestibility. But, in the different investigated RIL progenies, very few QTL related to 
lignification or cell wall digestibility were found in bin 4.05, and none of them surely 






to affect lignin content and structure, no QTL were observed in bins 1.11 and 9.06/08, which 
contain the bm2 and bm4 genes, and only one in the same position as the bm1 gene. 
Complementarily, only two QTLs were observed in bin 4.05, a result which is somewhat 
contradictory with the great impact of the bm3 mutation and COMT down-regulation on 
lignin content (Piquemal et al., 2002; He et al., 2003). To date the only published data on 
polymorphism in lignification gene was reported by Guillet-Claude et al., 2004.  In this study, 
the allelic diversity of two caffeoyl-CoA 3-O-methyltransferase genes, CCoAOMT2 and 
CCoAOMT1, as well as that of the aldehyde O-methyltransferase gene, AldOMT, was 
evaluated for 34 maize lines chosen for their varying degrees of cell wall digestibility. 
Frequency of nucleotide changes averaged one SNP every 35 bp. Ninety-one indels were 
identified in non-coding regions and only four in coding regions. Numerous distinct and 
highly diverse haplotypes were identified at each locus. Numerous sites were in linkage 
disequilibrium that declined rapidly within a few hundred bases. For F4, an early flint French 
line with high cell wall digestibility, the CCoAOMT2 first exon presented many non-
synonymous polymorphisms. An 18-bp indel, which resembled a microsatellite and was 
associated with cell wall digestibility variation, was found. Additionally, the CCoAOMT2 
gene co-localized with a QTL for cell wall digestibility and lignin content.  
 
4.2.2 Natural cell wall mutants of maize and the case of brown midrib (bm) 
Very few cell wall mutants have been characterized in maize. Some of the first natural 
mutations whose phenotypes suggested a cell wall defect were brittle stalk (bk) (Langham, 
1940), wilted (Postlethwait and Nelson, 1957), rolled leaf (Nelson et al., 2002) and brown 
midrib (bm) mutants. 
In maize, bk2 is characterized by dramatically reduced mechanical strength of all 
aerial plants organs which break easily when bent (Langham, 1940). Ching et al., 2006 have 
shown that the reduction in mechanical strength was associated with a decrease in cellulose in 
the secondary cell wall in fiber cells. They have also demonstrated that Bk2 encodes a Cobra-
like protein homologous to Bc1 of rice, which has been shown to encode a 
glycosylphosphatidylinositol (GPI) anchored protein. Another study focusing on the 
developing stem (Sindhu et al., 2007), showed that after the expression of the phenotype, bk2 
mutant is enriched in klason lignin content but there is a loss of staining with phloroglucinol 
and ultraviolet autofluorescence in vascular bundles and sclerenchyma under the epidermis. 
Altogether, these results indicate that Bk2, expressed during early development before 
Figure 25. bm2-bm4 phenotype. (A) The bm2-bm4 double mutant (blue arraw) is significantly shorter and thinner
than the single mutant bm2 (shown to the right) and bm4. (B) The vascular tissues of the bm2-bm4 mutant is dark-
brown. (C) Six-week old, field grown seedlings of inbred A619(1) and near-isogenic mutants bm1-bm2 (2), bm2-bm4
(3), and bm1-bm2-bm4 (4). Inset: Gel image showing the PCR product obtained with SSR marker dupSSR10.





Figure 26. Phenotype (brown pigmentation) comparison between brown midbrid mutants (bm1 and bm3)





Figure 27. SEM images of cross sections through the midrib. (A,E) Wild type, (B,F) bm2, (C,G) bm4, and
(D,H) bm2-bm4. (A-D) represent overview images, whereas (E-H) represent close-up views of the
sclerenchyma. The magnification in images (A-C) is x200, in (D) x250, and in (E,F) x1000. The white bars
represent 100µm and 10µm in images (A-D) and (E-F), respectively. SC, sclerenchyma; XV, xylem vessel.






expression of brittle phenotype, plays an important role in lignin-cellulose interaction rather 
than in cellulose biosynthesis. 
Wilted plants are dwarf plants that are severely wilted throughout most of its growing 
period. It has been shown that this phenotype was not due to excessive water loss but mainly 
due to water transport deficiency caused by a delay in the differentiation of the two large 
metaxylem vessels of the vascular bundles (Postlethwait and Nelson, 1957). 
 
• Brown midrib mutants 
The first brown midrib mutant was described in maize as early as 1924, in Minnesota 
(Cherney et al., 1991). Brown midrib mutant exhibit a reddish brown pigmentation in the leaf 
midrib, which is initially visible when there are four to six leaves (Figure 25). As the plant 
grows and the stem lignifies, the reddish brown pigmentation is observed to be associated 
with vascular bundles and lignified rings in stem cross-sections (Figure 26 A, B). Later, the 
brown midrib phenotype gradually disappears from externa1 exposed surfaces of the mature 
plant, but it is still detectable in interna1 and lignified tissues. Based on morphologic and 
genetic descriptions in maize, four mutations (bm1, bm2, bm3, and bm4) located on 
chromosomes 5, 1, 4, and 9, respectively (Neuffer et al., 1968), were shown to produce this 
phenotype. Additional analyses of these mutants indicated that the brown midrib mutations 
could be associated with lower quantity and different quality of lignins. Moreover, the 
mutants appeared to be more easily digested by ruminants. The bm mutations have 
traditionally been considered completely recessive, because the brown midrib phenotype is 
only apparent in plants homozygous for the mutation. In addition to an effect on cell wall 
composition, some bm mutations have been shown to affect flowering time (Vermerris et al., 
2002). The bm2 mutation delayed flowering time, while the bm1 mutation tended to expedite 
it. Maize plants with the bm3 mutation were reported to flower later than their wild-type 
counterparts (Gentinetta et al., 1990) and quantitative trait loci (QTL) affecting flowering 
time was identified near the bm4 locus (Koester et al., 1993).  
Analysis of bm2 midrib section, using quantitative analysis of scanning electron 
micrographs, indicated that the variation in chemical composition of the cell walls was shown 
to be correlated with the thickness of the sclerenchyma cell walls, but not with xylem vessel 
surface area (Figure 27) (Vermerris et al., 2010). Examination of bm3 sclerenchyma, 
indicated that cell wall appeared less dense, less rigid and less thick, with larger cell lumens 
than in normal plants. Moreover, the parenchyma of bm3 plants was more rapidly degraded in 
Table 5. Comparative analysis of stem in regular and brown-midrib isogenic lines [IVNDFD = in vitro neutral
detergent fiber digestibility (weight%); KL/NDF= Klason lignin content (weight% NDF); ester p-CA, ester FA, ether
FA= contents in esterfied p-couramic, ferulic acids, and etherified ferulic acid, respectively (mgg-1 NDF)]. Mean
values and standard errors correspond to independent experiments run on the three replicates of fields trial for each
line (Barrière et al. 2004).
Table 6. Analysis of the main lignin-derived monomers obtained by thioacidolysis of extract-free stems from stems in
regular (F2, F292) and brown midrib (F2bm1, F2bm2, F2bm3, F292bm1, F292bm2, F292bm3, and F292bm4) lines
(total yield of p-hydroxyphenyl H, guaiacyl G syringyl S, and 5-hydroxygaiacyl 5-OH-G monomers expressed in
µmoles per gram of Kalson lignin. Mean values and standard errors correspond to independent experiments run on the





rumen fluid and the sclerenchyma walls were highly degraded and considerably thinned in 
bm3 plants. In contrast, the sclerenchyma of normal plants was little changed even after 72 
hours of incubation in the rumen fluid. 
Biochemical analysis of bm indicated that the frequency of p-hydroxyphenyl (H), 
guaiacyl (G) and syringyl (S) thioacidolysis monomers is similar in the bm1 and normal 
plants, showing that the bm1 mutation does not specifically affect a type of lignin unit. 
However, lignins of bm1 plants appear to be substantially enriched in carbon–carbon inter-
unit linkages (Halpin et al., 1998). In addition, bm1 lignins are typified by the substantial 
incorporation of coniferaldehyde and, to a lower extent, of sinapaldehyde into native bm1 
lignins (Kim et al., 2002).  
In mature bm2 plants a reduced lignin content of 15–25%, a slight change in pCA and 
FA ester levels and a significant decrease in FA ether levels (about 60%) were observed 
(Table 5) (Barrière et al., 2004). In opposition to this, an elevated level of etherified FA was 
observed in younger bm2 plants (Marita et al., 2003). The frequency of β-O-4-linked G units 
was substantially reduced, whereas the frequency of β-O-4-linked S units was not affected. 
No major differences were observed between the bm2 mutant and the wild type with respect 
to p-coumaric acid and ferulic acid. The bm2 mutation does not appear to result in the 
accumulation of intermediates from the lignin biosynthetic pathway.  
Maize bm3 mutant, probably the most studied mutant, has a lignin content that is 
reduced by 25–40%, pCA esters content reduced by about 50%, but bm3 plants are not altered 
in their content of alkali-releasable FA (Barrière et al., 2004). The frequency of (S) units was 
reduced in bm3 plants with a thioacidolysis S/G ratio decreased from 1.2–1.5 in normal plants 
to 0.2–0.5 in bm3 plants (Table 6). Additional units, 5-hydroxyguaiacyl (5-OH-G) units, were 
identified (Lapierre et al., 1988) and shown to be involved in novel benzodioxane structures 
(Ralph et al., 2001; Marita et al., 2003). The reduction of p-coumarate esters observed in bm3 
plants also appeared consistent with the preferential acylation of S units by p-coumaric acid 
(Lu and Ralph, 1999). In younger bm3 plants, Marita et al., 2003 obtained a greater amount of 
FA esterified to arabinoxylans in the bm3 cell walls, but similar cross-linking between 
arabinoxylans (total FA dimers). 
In the last 15 years, the genes underlying each bm mutant have been subjected to 
investigations. The maize bm1 mutation specifically affects the activity of a cinnamyl alcohol 
dehydrogenase (CAD) (Provan et al., 1997), the activity of which is reduced by 60–70% in 






maps very closely to the known location of bm1 and co-segregates with the bm1 locus in two 
independent recombinant inbred populations. Because a residual CAD expression was 
observed in bm1 plants, Halpin et al., 1998 considered that “bm1 is not a null mutation of 
CAD, but affects its expression, possibly through alteration in upstream or downstream non-
coding regions”. A quasi-lack of caffeic acid O-methyl transferase (COMT) activity was first 
established in maize bm3 plants (Grand et al., 1985). Vignols et al., 1995 and Morrow et al., 
1997 later established that bm3 mutants had an altered exon 2 in the COMT gene, with 
different events likely corresponding to different insertion-excisions of a transposable 
element. Two alleles of bm3 mutation has been described: the bm3-7 allele (the reference 
mutant allele) has arisen from an insertional event producing a COMT mRNA altered in both 
size and amount. The second bm3 allele, bm3-2, has resulted from a deletion of part of the 
COMT gene. Thus, the gene genetically recognized as bm3 is the same as the one coding for 
COMT (Vignols et al., 1995). 
Using array-based methods, Guillaumie et al., 2007a showed that bm1 mutant plants 
were not only affected in cinnamyl alcohol dehydrogenase (bm1 related CAD) gene 
expression as expected, but also in the expression of other CAD/SAD gene family members. 
As originally believed, the bm1 mutation could be localized at the CAD locus, but more 
probably in a gene that regulates the expression of the CAD gene family. Under-expressed 
genes in bm2 mutant fell under several functional categories including phenylpropanoid 
metabolism, transport and trafficking, transcription factors and regulatory genes. As the bm2 
mutant exhibited a lower guaiacyl (G) unit lignin content, the bm2 mutation could affect a 
regulatory gene involved, perhaps indirectly, in the regulation, conjugation or transport of 
coniferaldehyde, or the establishment of G-rich maize tissues. The pattern of gene expression 
in bm4 plants, characterized by the over-expression of phenylpropanoid and methylation 
genes, suggests that the bm4 mutation likely also affects a gene involved in the regulation of 
lignification.  
 
4.2.3 Manipulation of genes involved in lignin, cellulose and hemicelluloses 
pathways via genetic engineering 
Modulation of gene expression in maize can be achieved by mutagenesis (Walbot et 
al., 2000) or by transgenesis (Fromm et al., 1986). In 1978, Donald Robertson reported on the 
properties of the Mutator line of maize. The unusually elevated forward mutation rate (about 
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highly active, high-copy-number family of transposable elements collectively referred to as 
Mu elements or MuDR/Mu elements (Robertson 1978). Mutator (Mu) is by far the most 
active and mutagenic plant transposon discovered to date. The high frequency of transposition 
(reaching 100%, an average of one transposition event per element per generation (Alleman et 
al., 1986) and the tendency to insert into low-copy-number sequences (Cresse et al., 1995 and 
Raizada et al., 2001) for such transposon have made it the primary means by which most 
genes are cloned, sequenced and mutagenized in maize (Walbot, 2000) (Figure 28). In maize, 
all Mu elements are composed of a conserved ~220bp terminal inverted repeats (TIRs) but 
each contains unrelated internal sequences (Bennetzen, 1996). Since the discovery of the 
Mutator system, three big project of Mu-tagging maize functional genome research have been 
initiated. 
The MTM (Maize Targeted Mutagenesis) project is a collection of 43, 776 maize ears, 
each containing a unique set of Mu insertions. This database describes each Mu insertion 
mutants giving phenotypic and genotypic information. These are available at mtmDB (http:// 
mtm.cshl.org), and seeds can be ordered by any academic researcher (May et al., 2003). 
Maize Gene Discovery Project (MGDP), using RescueM, was another project carried 
out by joint co-operation of Stanford University, UC Berkeley and other institutes, which 
involves screening progeny of RescueMu transformed maize plants. This approach has the 
virtue of combining genomic sequencing and functional genomics into a single step, in which 
RescueMu insertions provide not only a mutation but also a cloned allele for sequencing 
(Lunde et al., 2003). 
The Trait Utility System for Corn (TUSC) was implemented by Pioneer Hi-Bred, Inc., 
which was based on DNA samples of -45 000 Mu-active individual plants and the available of 
maize EST sequences. Using a primer running out from the Mu TIR sequence and a primer 
designed on the basis of an EST of interest, population screening can be used to find 
individuals with a Mu insertion into or near the gene of interest. Progeny analysis can then be 
used to determine which plants transmitted a heritable mutant allele. 
Another Mu collection has been developed by Biogemma (Confidential data). Hanley 
et al., 2000, by using this Mu system, have been able to isolate three out of five individual 
maize mutants in GS1 (Glutamine Synthase 1) genes. The cytosolic role of two of these 
mutants, Gln1-3 and Gln1-4, has been studied by examining the impact of knockout 
mutations on kernel yield and its components (Martin et al., 2006). Also, two maize mutants 
with Mu-element insertion in UDP-glucose dehydrogensase (UDPGDH) involved in the cell 
Figure 29. Phenotypical and histochemical characterization of COMT-AS and bm3 lines. A, Brown coloration of the
leaf midrib in the COMT-AS line and bm3 mutant compared with the yellowish coloration of the leaf midrib of
untransformed control plants at 5- to 6-leaf stage. B through D, Stereomicroscopic observations of transverse sections
of internodes. E through M, Light microscopy observations of transverse sections of internodes, in the absence of
staining (E–G) or stained with Wiesner (H–J) or Maüle (K–M) reagent. Note the orangey coloration of sclerenchyma
in COMT-AS line (arrow) in the presence of reagent (L). Co, Control line; 225, COMT-AS line; bm3, bm3 mutant.





wall pentose biosynthesis has been isolated and studied for changes in wall polysaccharide 
biosynthesis (Kärkönen et al., 2005). Using this transposon system, a maize mutant of CCR1 
gene involved in monolignol synthesis have been isolated and characterized (Tamasloukht et 
al., 2011) (See Chapter 1 of thesis). 
 
4.2.4 Transgenesis  
To answer fundamental biological questions, the use of transgenic maize is an 
important tool. One of the first methods used for the successful genetic transformation of 
maize was the biolistic gun (Gordon-Kamm et al., 1990) where they have been the first to 
produce fertile transgenic maize. Transformation with Agrobacterium tumefaciens is the 
preferred method for plant genetic transformation into a wide range of plant species including 
maize as it results in stable, low-copy number transgenic events and is highly efficient (Ishida 
et al., 1996; Zhao et al., 2002). In maize, an Agrobacterium-mediated standard binary vector 
system has successfully been used to target maize immature embryos (Frame et al., 2002).  
Using the particle bombardment delivery system, maize transgenic plants expressing 
an antisens cDNA of COMT (caffeic acid O-methyltransferase) under the control of maize 
Adh1 (alcohol dehydrogenase) promoter were generated (Piquemal et al., 2002). It was the 
first time that an antisens strategy was being used to alter lignin biosynthesis in maize. In 
these plants, the COMT activity was downregulated by about 70 to 85% with a strong impact 
on the biochemistry of cell walls. Indeed, COMT-AS plants display a strong decrease in 
Klason lignin content at flowering stage, as well as a decrease in S units and p-coumaric acid 
content. The phenotype of COMT-AS plants resembles that of bm3 mutant that is a reddish-
brown coloration of the leaf-midrib. Microscopic analysis of the sclerenchyma cells 
surrounding vascular bundles, after Maüle reagent coloration, has shown that an orangey and 
dark-brown coloration is observed in transgenic and bm3 plants respectively (Figure 29). This 
dark-brown coloration was also observed in the parenchyma cells between vascular bundles 
of bm3 mutant. These results indicate that in COMT-AS plants a reduction of S units specific 
to the sclerenchyma cells was obtained whereas in bm3 plants it indicates an absence of S 
units in both the sclerenchyma and parenchyma cells. In spite of all these biochemical 
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4.3 New tools to study lignified cell walls at cellular level 
 
Most knowledge of cell wall polymers is derived from the physicochemical analysis of 
fractionated walls and isolated polymers with the consequent loss of most spatial and 
developmental information. The functional characteristics of cell walls depend not only on the 
composition of the cell wall polymers, but also on fine details of their macromolecular 
structure and conformation, and on their highly ordered architecture at scales from a few 
nanometers to several microns. In addition, sample isolation difficulties arise, when small cell 
wall areas or single layers are of interest, because they have to be carefully excised. 
Therefore, a knowledge gap exists about the location, quantity and structural arrangement of 
molecules on the microlevel in the native cell wall. In terms of cell wall biology and 
understanding the functional significance of development-specific or cell type-specific wall 
configurations of polymers or the impact of physiological/environmental change are still at 
the stage of tool development.  
Many tools are now available to determine cell and tissue variations in cell wall 
microstructures include microspectrometries that assess chemical signatures or physical 
properties (Table 7). These spectroscopies, such as Fourier-transform infrared (FT-IR) 
microspectroscopy, can provide an overview of all the major chemical components in a cell 
wall. Raman spectroscopies that have greater capacity for the spatial resolution of chemical 
signatures than FT-IR are also being applied to cell walls and have the potential to indicate 
differences in the orientation of cellulose microfibrils (McCann et al., 1993). Both methods 
have developed as important tools in plant cell wall research (e.g. McCann et al., 1992; Séné 
et al., 1994; McCann et al., 2001). Another new tool that allows the study of plants at whole 
tissue level is synchrontron radiation microspectroscopy (SR-IMS). Immunohistological 
technique is currently one of the best methods to precisely locate polymers within complex 
tissues using different antibodies (Knox, 2008). Atomic force microscopy is a relatively new 
technique that allows the visualization of the orientation of cellulose microfibrils on fresh 
tissues (Morris et al., 1997). Since a decade now, laser capture microdissection (LCM) has 
become an ideal tool to isolate specific cells in an organ (Day et al., 2005; Kerk et al., 2003). 
 
4.3.1 Fourier-transformed infrared (FT-IR) microspectroscopy 
Wall constituents such as pectins, proteins, aromatic phenolics, cellulose, and 
hemicellulose have characteristic spectral features that can be used to identify and/or 
Table 8. Assignment of the main bands in IR and Raman spectra (Parker, 1983; Colthup et al., 1993) IR, IR





fingerprint these polymers without, in most cases, the need for any physical separation. FT-IR 
microspectroscopy has been used to determine the presence and orientation of functional 
groups in cellulose and pectin molecules within an individual plant cell wall (McCann et al., 
1993; Séné et al., 1994). IR microspectroscopy is a non-invasive technique that is suitable for 
analysis at the single cell wall level (Griffiths and de Haseth, 1986; McCann et al., 1992). 
New technique called two dimensional IR spectroscopy (2D FT-IR) allowed the study of the 
macromolecular networks in stressed systems (Wilson et al., 2000).  
Coupling the spectrometer (Perkins WD, 1986) to an appropriate microscope allows 
selection of a particular area (as small as 10 x 10 µm) in any field of view for microsampling 
(Perkins WD, 1987). Thus, spectra can be obtained from a defined region of a single cell wall 
as well as from bulk samples. IR spectroscopy is based on an absorption process, the ratio of 
transmitted to incident radiation is detected. The absorbed energy is removed from the 
incident radiation and excites vibrations within the molecule. However, to absorb IR radiation 
a molecule must undergo a net change in dipole moment as a consequence of its vibrational 
motion. Only strongly polarized asymmetric chemical bonds give rise to intense IR bands. 
The shapes of the IR spectral bands and their positions on the energy scale are characteristic 
of particular functional groups within the molecule. In some cases, the bands in a particular 
spectral region cannot be assigned to a specific functional group, but they are characteristic of 
the molecule as a whole and constitute a fingerprint for the molecule. 
The main IR spectral features of cell wall material have been previously assigned 
(McCann et al., 1992, 1993, Séné et al., 1994). The assignment of the main bands in the IR 
and Raman spectra is summarized in Table 8. In the IR region 1200 to 900 cm-1, pectins have 
a profile similar to that of polygalacturonic acid, and can easily be distinguished from 
nonpectic polysaccharides. The most easily recognised peak in the IR spectra of cell wall 
material is the one centered at about 1745 cm-1, arising from the ester carbonyl stretching 
associated with pectin while the presence of phenolic material can be confirmed by the 1605 
to 1635 cm-1 (Séné et al., 1994).  Carbohydrates have been reported to absorb between 1200 
and 900 cm-1. Atalla and Agarwal (l985) have reported that the peak at about 1630 cm-1 in the 
spectra of ferulic acid appears to be associated with the α-β double bond on the propanoid 
side group in lignin-like structures.  
McCann et al., 1992 have used FT-IR spectroscopy as a probe for the various chemical 
and conformational changes that occur during sequential polymer extraction from the wall. 









































































































































































































Figure 31. Line map and typical IR spectrum of the maize root approximately 400 µm from the root tip. (A)
Visible image of the root section. (B) False color intensity line map of the root section. Line length ) 220 µm. The
blue line indicates the line mapped starting from the right and ending on the left. (C) Typical spectrum of the
maize root cortex (black) and epidermis (red) tissue (listed from the bottom to the top). Each spectrum is an
average of 10 spectra. The epidermis spectra were normalized to the OH peak at 3350 cm-1, and the cortex
spectra were normalized to the amide II band at 1650 cm-1. the carbohydrate region between 1150 and 1000 cm-






architecture from a large number of Arabidopsis mutant plants (Chen et al., 1998). Mouille et 
al., 2003 have developed a novel procedure for the rapid classification and identification of 
Arabidopsis mutants with altered cell wall architecture based on FT-IR microspectroscopy.  
By using maize elongating coleoptiles as model system, McCann et al., 2007 have 
been able to establish a methodology based on FT-IR to identify and classify cell wall 
phenotypes of mutants. They have studied dynamic changes in cell wall composition of maize 
coleoptiles at three developmental stages. Sindhu et al., 2007 have successfully used this 
method to compare wild type and brittle stalk maize mutant plants, and to assess wall 
phenotypes of isolated cell walls from juvenile and adult leaves, and from sclerid-enriched 
fragments of the rind of mature and developing internodes. They were able to show that 
consistently with chemical analyses, wild-type mature stems are relatively enriched in 
absorbances characteristics of cellulose and that phenolic esters is relatively enriched in bk2 
(Figure 30).  
 
4.3.2 Synchrotron radiation infrared microspectroscopy 
A new tool to study plant growth and development at molecular level is infrared 
microspectroscopy (IMS). The coupling of IMS to a synchrontron source made it possible to 
study whole plant tissue (Wetzel et al., 1998; Dokken et al., 2005). The high energy of 
synchronton radiation (SR) has provided dramatic improvements for studying plant samples. 
Synchrontron radiation infrared microspectroscopy (SR-IMS) permits the direct analysis of 
plant cell wall architecture at the cellular level in situ, combining spatial localized information 
and chemical information from IR absorbances to produce a chemical map that can be linked 
to a particular morphology or functional group. Most of the studies using SR-IMS have 
focused on feed (seed) tissues, such as wheat (Wetzel et al., 1998; Yu, 2004) and corn (Yu 
2004, 2005). 
Dokken and Davis, 2007 focused on the ability of SR-IMS to probe complex 
microstructures and biopolymers in the root tissue of sunflower and maize plants (Figure 31). 
Their intention was to perform an “infrared dissection” on 1cm of root as from the root cap to 
observe spectral differences between different tissues types, such as xylem and epidermis.  
They noted some broad differences in the spectral regions associated with pectins and 
proteins and showed that the infrared band at 1635 cm-1, representing hydrocinnamic acid in 
(H type) lignin, provided a conclusive means of distinguishing between maize and sunflower 
Figure 33. Video images of the
tissues with the corresponding
cell types (in the parentheses)
selected for imaging in the stem
Figure 32. Energy level diagram depicting Raman scattering. In
a Raman spectroscopy experiment, photons of a single wavelength
(in the visible range this would be light of a single color) are focused
onto a sample. With Raman scattering, the incident photon interacts
with matter and its wavelength is either shifted lower or higher (red
or blue shifted, respectively). Red shifted photons are the most
common, having been subject to a "Stokes shift". What has happened
is that the photon has interacted with the electron cloud of the
functional groups bonds, exciting an electron into a virtual state. The
electron then relaxes into an excited vibrational or rotational state.
This causes the photon to lose some of its energy and is detected as
Stokes Raman scattering. This loss of energy is directly related to the
functional group, the structure of the molecule to which it is attached,







cross-sections of corn stover
(adapted from Sun et al., 2011).
Figure 34.One-dimensional Raman
profiles of lignin and cellulose
across different cell tissue/ cell
types for the corn stover stem.





plant tissues. IR bands from polysaccharides, cellulose and carbohydrates overlap in the 
carbohydrate fingerprint region of 1200 – 1900 cm-1 (Williams and Fleming, 1980). 
 
4.3.3 Raman microspectroscopy 
Raman microscopy is a technique that relies on inelastic or Raman scattering of 
monochromatic light where the shift in energy of the laser photons is related to molecular 
vibrations and presents an intrinsic label-free molecular "fingerprint" of the sample (Figure 
32). Raman microscopy can afford non-destructive and comparatively inexpensive 
measurements with minimal sample preparation, giving insights into chemical composition 
and molecular structure in a close to native state. Advances in Confocal Raman microscopy 
and the imaging approach have provided chemical and structural information in situ with a 
high spatial resolution. (<0.5 µm).  
Chemical imaging by confocal Raman microscopy has been previously used for the 
visualization of the spatial distribution of cellulose and lignin in wood cell walls. The 
orientation of cellulose in S1 layer was visualized with dimensions smaller than 0.5µm 
(Gierlinger et al., 2006).  More recently, this method has been adopted to compare 
lignification in wild type and lignin-deficient transgenic Populus trichocarpa (black 
cottonwood) stem wood (Schmidt et al., 2010) and to study cell wall polymers in Arabidopsis 
thaliana (Schmidt et al., 2010) and in flax (Richter et al., 2011).  
Raman imaging has been applied to corn stover to study the tissue/cell specific 
distribution of lignin and cellulose polymers within the plant cell walls (Figure 33) (Sun et al., 
2011). One-dimensional chemical maps of lignin and cellulose were generated for corn stover 
stem (Figure 34), ranging from the epidermis to the pith area and revealed that lignin and 
cellulose abundance varied significantly among different cell types in the following order: 
sclerenchyma cells and tracheids (~5 times) > epidermal cells (~3 times) > bundle sheath cells 
> parenchyma cells (Sun et al., 2011).  
 
4.3.4 Atomic force microscopy 
Atomic force microscopy (AFM) is another powerful tool for studying biopolymers. In 
AFM, a sharp tip attached to a flexible cantilever is moved in a raster pattern over a surface 
and deflections of the tip are recorded and processed to reveal the surface topography (Engel 
et al., 1999). AFM has been used increasingly to characterize biological samples because of 
several obvious advantages. First, it requires a minimal specimen preparation as 
Figure 35. Primary cell walls from maize parenchyma. (A) A light microscopy image shows a
fairly transparent primary wall with primary pits (white arrow), bar ) 10 µm. (B-J) AFM mapping of
wall surfaces, bar ) 200 nm: wall lamellae (B, height image); primary pit (C, 3-D image); pit-field (D,
height image); dried cytoplasm remnants or membrane debris (E, phase image); a process of synthesis
of elementary fibrils-macrofibrils- micrifibrils [the elementary fibrils are synthesized from one point
(white arrow)] (F, phase image); a number of elementary fibrils coalesce into a macrofibril, which
splits/branches into microfibrils (double white arrow) (G, phase image); newer synthesized sheets of
parallel-oriented microfibrils (H, phase image); microfibrils coated with more non-cellulosic polymers,
and particles (structural protein?) embedded in the matrixes (I, phase image); and more cell wall
components deposited in the wall matrixes (microfibrils are hardly visible) (J, phase image) (Ding and
Himmel, 2006).
Probe Antigen/eiptope References
JIM5 Homogalacturonan Clausen et al., 2003
JIM7 Homogalacturonan Clausen et al., 2003
LM7 Homogalacturonan Clausen et al., 2003
PAM1 (phage scFv ) Homogalacturonan Manfield et al., 2005
LM8 Xylogalacturonan Willats et al., 2004
LM5 1,4-galactan Jones et al., 1997; Clausen et al., 2004
LM9 Feruloylated 1,4-galactan Jones et al., 1997; Clausen et al., 2004
LM6 1,5-Arabinan Willats et al., 1998
LM2 AGP Yates et al., 1996
MAC207 AGP Yates et al., 1996
JIM4, 14/15/16 AGP Yates et al., 1996
LM1 Extensin Smallwood et al., 1994, 1995
Table 9. Monoclonal antibodies and carbohydrate-binding modules available to assess cell wall
epitope/polymer
JIM 11/20 Extensin Smallwood et al., 1994, 1995
CBM3a Crystalline cellulose Blake et al., 2006
CBM2b1-2 Xylan McCartney et al., 2006
LM10 Xylan McCartney et al., 2005
LM11 Xylan McCartney et al., 2005
Mannan Mannan Pettolino et al., 2001
CCRC-M1 Fucosylated xyloglucan Puhlmann et al., 1994






measurements can be made in nearly an in vivo physiological environment (in air or under 
fluid), which is essential to eliminate structural modifications generated during sample 
preparation. Second, high-resolution, i.e., atomic resolution is possible. AFM imaging is thus 
compatible with the resolution of the TEM. Third, it is possible to obtain sample topography 
(height image) and elasticity (phase image) data simultaneously. AFM has demonstrated some 
advantages over transmission electron microscopy, such as ease of sample preparation, fast 
and non-destructive imaging. 
Direct visualization of the cellulose crystal (Baker et al., 1997; Baker et al., 2000) and 
plant cell wall surface using AFM, offered a spatial view of cellulose microfibril orientation 
in the polylaminate cell wall and allowed a more accurate measurement of microfibrils (Kirby 
et al., 1996; Morris et al., 1997; Davies and Harris, 2003). The AFM study of lignin model 
polymer has confirmed the existence of strong inter-molecular forces, which are responsible 
for holding lignin super modules within the globule and also for holding the globules 
together.  
Using this strategy, it has been possible to image primary and secondary cell walls 
from maize (Ding and Himmel, 2006). Thus, the parenchyma cell walls from maize stem pith 
have been directly visualized without extraction processes (Figure 35). By imaging the cell 
wall inner surfaces from different cells and different faces of the same cell, it has been 
possible to map the native primary cell wall ultrastructures. Depending on the thickness of 
non-cellulosic deposition, the parallel microfibrils appear in various morphologies ranging 
from clearly defined to completely embedded in the wall matrices forming cell wall lamella 
(Figure 35).  
 
4.3.5 Immunohistochemistry 
Traditionally, histochemical stains have been employed to distinguish between 
different categories of cell wall components. Currently, immunohistochemical techniques are 
one the best set of methods to discern aspects of cell wall microstructures and to locate 
polymers precisely in situ within complex tissues. These methods generally use monoclonal 
antibodies that have been developed from neoglycoprotein immunization procedures or from 
retrospective characterization after immunization with complex cell-wall-derived materials.  
A series of monoclonal antibodies and carbohydrate-binding modules (CBMs) are 
available to assess cell wall epitope/ polymer (Table 9) and for example visit: Biosupplies 
Australia (http://www.biosupplies.com.au); CarboSource Services, Complex Carbohydrate 
Figure 36. Cell type and cell wall diversity in a plant organ. Immunofluorescence analysis of
cell walls in transverse sections of young developing stems of industrial hemp. Moving in from
the stem surface there is an epidermal cell layer, subepidermal cell layers, a collenchyma bundle,
a band of developing (primary) phloem sclerenchyma fibres (arrowheads indicate distal edge), a
region of parenchyma cells that contains phloem cells and where secondary phloem fibres
develop, a cambium layer and xylem. Interior to the xylem is the pith parenchyma (not shown).
Probes used are crystalline cellulosedirected CBM3a, xylan monoclonal antibody LM11, pectic
HG monoclonal antibody JIM7 and (14)-β-galactan monoclonal antibody LM5. CBM3a binds
to all cell walls although with differing intensities. LM11 binds to cells with secondary cell walls
only (phloem fibres and xylem vessel elements) and JIM7 binds to primary cell walls and most
abundantly to a subepidermal cell layer and to cortical parenchyma cells. The LM5 epitope is
notably absent from cell walls of developing phloem fibre cells but abundant in adjacent
parenchyma. (Knox, 2008).
Figure 37. Early synthesis of GS lignin in fibers and
vessels. The labeling is done with anti-GS antiserum with
Protein A-gold (10 nm). A, Very young fibers give a
positive labeling with anti-GS. The younger fibers are less
densely labeled (arrows), the vessel wall (V) is strongly
reactive, and the tricellular junction (TC) gives a negative
response. B, At an early stage of maturation, sclerenchyma
walls show a positive reaction to the anti-GS antiserum.
The tricellular junction is totally negative. C, Three fibers
near the lacuna at the base of the internode. The secondary
thickenings (arrows) show a heavier labeling for the mixed
GS lignin than the compound middle lamella-primary wall.
The fiber bordering the lacuna is less labeled than the two
other fibers. Again, the lignin in the tricellular junction is
unreactive to the anti-GS antiserum. D, Three fibers of the
top showing a polylamellar organization. The GS lignin
shows a concentric distribution. The preincubation of the
anti-GS antiserum with the G antigen has only faintly
affected the intensity of the labeling. This is an indication
that the mixed GS lignin type is actively synthesized in
these tissues. Magnifications: A, X18,550; B, X16,800; C,
XI9,600; and D, X 18,200 (Joseleau and Ruel, 1997).
Table 10. Relative intensities of immunolabelling in the walls of the different tissues of the maize maturing 
internode (Joseleau and Ruel., 1997).
Antisera
Parenchyma Fiber Tracheid Vessel Phloem Cell Corner a
Young Mature Young Mature Young Mature Young Mature Young Mature Young Mature
Anti-H tb +c + ++ ++ + ++ ++ - - + +
Anti-G -d t t + + + ++ ++ - - - +
Anti-GS T + ++ +++ ++ +++ +++ +++ - - - -
a The results concern cell corners (tricellular junctions) between fibers. b t, Trace. c The number of plus signs refers to the intensity of






Research Center, University of Georgia, USA (http://www.ccrc.uga.edu/ 
(carbosource/CSS_home.html); PlantProbes, University of Leeds. UK 
(http://www.plantprobes.net); and the Wall-BioNet: Plant Cell Wall Biosynthesis Research 
Network (http://xyloglucan.prl.msu.edu/).  
These probes included rat monoclonal antibodies JIM5, JIM7 and LM7 to different 
pectic homogalacturonan (HG) epitopes (Clausen et al., 2003); LM6 to 1,5-arabinan (Willats 
et al., 1998); LM5 and LM9 to 1,4-galactan (Jones et al., 1997; Clausen et al., 2004), LM8 to 
a xylogalacturonan epitope (Willats et al., 2004), LM10 and LM11 to different xylan epitopes 
(McCartney et al., 2005), LM15 to a xyloglucan epitope, LM1, JIM11 and JIM20 directed to 
different extensin epitopes (Smallwood et al., 1994, 1995) and JIM4, JIM14–JIM16, LM2 and 
MAC207 that bind to different glycan epitopes of arabinogalactan-proteins (Yates et al., 
1996). Additional probes included mouse monoclonal antibodies to mannan (Pettolino et al., 
2001) and CCRC-M1 to a fucosylated xyloglucan epitope (Puhlmann et al., 1994), PAM1 a 
phage scFv to pectic HG (Manfield et al., 2005), CBM2b-1-2 directed to xylan (McCartney et 
al., 2006) and CBM3a directed to crystalline cellulose (Blake et al., 2006). By employing 
antibodies specific for certain cell wall components followed by EM analysis, one can 
localize the various molecules with high precision within the cell wall (Knox, 2008) (Figure 
36). 
In maize, Joseleau et Ruel 1997 were the first to study the synthesis of the three types 
of lignins, p-hydroxyphenylpropane (H), guaiacyl (G), and syringyl (S), by 
immunocytochemical electron microscopy. They found differences in the relative temporal 
synthesis of the three monolignols in the different tissues undergoing lignification. The first 
lignin appearing in the parenchyma is the G-type, preceeding the incorporation of S nuclei in 
the later stages. At the earliest stage of fiber lignification, a faint labelling of H lignin was 
visible. This labelling increased with maturation and it was observed in the tricellular junction 
between fibers. No significant labelling was observed when using the anti-G probe in younger 
fibers from the base of the internode. However, G units could be detected in the mature fibers 
from the upper parts of the internode. In the vessels of metaxylem, the intensity of the 
labelling remained about the same all along the maturing internode, suggesting that in vessels 
of metaxylem noncondensed G lignin is regularly synthesized. Labelling with the anti-GS 
antiserum demonstrated that GS lignin was already synthesized in fibers at the earliest stage 
of lignifications (Figure 37). Table 10 summurizes all the relative intensities of 
imunolabelling in the walls of the different tissues of the maize maturing internode. 
Manufacturer Method of dissection and capture
Arcturus
PixCell™ LCM uses a low energy IR beam to melt plastic film onto the cells of interest, which is then lifted from the
surrounding tissue.
AutoPix™ Same as PixCell™ but the system is automated allowing the recognition and capture of specific cells.
Veritas™ In addition to the LCM method used in the PixCell™, this system also has a UV laser that can be used to
microdissect larger regions or ablate unwanted material.
Bio-Rad
Clonis™ workstation Designed for isolating cells in culture, this system uses an IR laser to circumscribe the cells of interest that are
growing on a plastic film. The film can then be peeled away, leaving the film containing the cells of interest
welded to the dish. The laser can also be used to ablate cells selectively.
PALM Microlaser Technologies
PALM®  MicroBeam Uses a nitrogen laser to microdissect the regions of interest. The region is then catapulted into a collection cap




A UV laser is used to dissect the region of interest, which can be computer controlled. The sample then falls
into the collection tube without any extra forces.
Molecular Machines and 
Industries
mmi Cellcut® Uses a UV laser for cutting and an isolation cap for target collection. The cap rests on the membrane and has
no direct contact with the specimen. Only areas of the section that have been cut out adhere to the cap. Cutting
and cap positioning are computer controlled
Olympus
EasyBeam Uses a UV laser for collection and PALM® technology for sample collection – this is performed manually.
MicroBeam Similar to the EasyBeam but with computer-controlled cutting and collection.
Table 11. Summary of common Laser assisted microdissection systems (Day et al., 2005).
Figure 38. Several methods for isolating plant target cells using LM systems such as laser capture (A) or laser
cutting (B, C). In laser capture [i.e. Laser Capture Microdissection (LCM)], which is licensed to Arcturus
Bioscience (now Molecular Devices, Mountain View, CA, USA), cells of interest from the tissue sections are
captured on a transfer film with the aid of a near-infrared laser (A). In laser cutting, a UV laser is used to cut
target cells from tissue sections. The methods for collecting the cut cells are different between different LM
instruments. For example, in the AS LMD system (Leica Microsystems, Wetzlar, Germany), samples fall with
gravity and are collected into a collection tube (B), and in the Laser Microdissection and Pressure Catapulting
(LMPC) system (P.A.L.M. Microlaser Technologies, Bernreid, Germany), samples are catapulted into a





Zeier et al., 1999, have also used these antibodies to localise lignin in endodermal and 
hypodermal/rhizodermal cell walls of developing maize primary roots. They have been able 
to located lignin epitopes in the casparian strip. 
 
4.3.6 Laser microdissection 
Methods such as immunolocalization, in situ hybridization, and reporter gene 
visualization have permitted the cell-specific analysis of the expression of individual genes 
and of the accumulation of individual proteins. New methods promise to provide such cellular 
information on a genome- and proteome-wide scale. It has been challenging to obtain cell 
preparations of single types, developmental stages, and/or unique locations from plants. 
Schemes for isolating specific cells thus far rely on extensive manipulation (e.g. tissue 
digestion and cell sorting) and in some cases rely on the prior identification of cell-specific 
markers. Not so long ago, cells were isolated by manual dissection from plant tissues (Outlaw 
and Zhang, 2001). Unfortunately, manual dissection techniques demand extreme dexterity 
and training and are slow. Furthermore, the success of tissue collection by manual 
microdissection can vary significantly (Wittliff and Erlander, 2002). These drawbacks pressed 
ahead the recent development of laser-based systems for microdissection. Because of their 
ease of use, reproducibility, and avoidance of direct contact with the dissected samples, laser-
based techniques provide the best option for large-scale microdissection (Day et al., 2005; 
Nelson et al., 2006). 
The major interest of laser microdissection (LM) is the quick acquisition of desired 
cell or target cells under direct microscopic visualization, while preserving biological 
molecules of interest, including RNA, DNA and proteins. The use of LM technology was first 
described for high-resolution analyses of gene expression in isolated specific cell types 
(Emmert-Buck et al., 1996). There are different laser-based techniques for microdissection 
(Summary Table 11). The first one being laser capture microdissection (LCM), Arcturus 
(http://www.lifetechnologies.com/featured-solutions/Arcturus.html). This approach involves 
positioning a thermoplastic covered cap (Capsure HS LCM caps) over a tissue section and 
locally expanding the film down onto the target region using heat generated from an IR laser. 
When the cap is removed, the target region is selectively pulled away from the surrounding 
tissues leaving non-selected cells on the slide (Figure 38A). The second technique is laser 
cutting (Figure 38 B and C) where a UV laser is used to cut target cells from tissue sections. 






(http://www.leica-microsystems.com/) where the samples fall in a collection tube (Figure 
38B) or 2) by catapulting the samples with laser pulses and harvesting them in a collector 
above the sample for the Laser Microdissection and Pressure Catapulting (LMPC) system 
(http://www.zeiss.de/) (Figure 38C).  
The main difficulty for laser microdissection on plants is the preparation of the tissue 
sample. Due to the differences in the structure and composition between plant tissue and 
animal tissue, the current histological methods used for animal tissue are not adapted to plant 
tissue. Indeed, many plant cells are especially small in comparison to animal cells, whereas 
other plant cells contain extremely large vacuoles harboring hydrolytic enzymes. The greatest 
obstacle in adapting LM to plants is the presence of extremely rigid, interconnected cellulosic 
cell walls that present a barrier to laser cutting and cell harvesting. Using cryosectioning in 
plants, proved to be useful for microdissecting animal tissues, caused undesirable effects such 
as ice crystals formation in the air spaces, resulting in a loss of tissue morphology and 
integrity, making it difficult to identify target cells. Another difficulty relies on the relatively 
small amount of tissues isolated during a typical LM experiment.  
However, protocols are now developed for the fixation (Nakazono et al., 2003), 
infiltration, and embedding of a wide range of plant cell and tissue types amenable to laser 
microdissection mediated transcriptional profiling. A key innovation concerning global 
expression profiling was the development of a reliable protocol for the amplification of 
nucleic acids, including linear amplification of RNA using T7 RNA polymerase (VanGelder 
et al., 1990, Eberwine et al., 1992). Ohtsu et al., 2007 have established a protocol based on 
T7-RNA polymerase to amplify RNA extracted from maize shoot apical meristem.  
Since a decade now, LMD has successfully been applied to several studies on plants. 
Asano et al., 2002 were the first to report a gene expression profiling mediated by laser 
microdissection. Using this technique, they have been able to construct a specific rice phloem 
cDNA library. The most common analyses achieved on microdissected samples are gene 
expression profiling (Casson et al., 2005; Woll et al., 2005; Dembinsky et al., 2007; Matas et 
al., 2010), proteomics (Schad et al., 2005; Dembinsky et al., 2007; Kaspar et al., 2010), 
metabolics (Schad et al., 2005; Melkus et al., 2009) and plant-microbe interactions (Ramsay 
et al., 2006) analyses. Angeles et al., 2006 were the first to report the combination of LCM to 
single-spot cell wall preparation micro-analysis of carbohydrate thus providing cell wall 
composition of lignified and unlignified parenchyma cells and xylem fibres.  More recently, 






sativa and Arabidopsis thaliana, for microanalysis of lignins (Nakashima et al., 2008; Ruel et 
al., 2009). We have developed this method on maize stem (Chapter 2). 
 
5 Context and aims of my thesis work 
 
5.1 Work context 
 
The research team, in which I carried out my thesis, is mainly interested in the 
synthesis and the degradation of the walls of maize in an agroindustrial context: forage maize 
(feedstock for cattle) and biofuel. 
In the team since a few years, genetic engineering, namely gene candidate approaches 
on key enzymes involved in the biosynthesis of lignin, has been used to modify cell wall 
composition (Piquemal et al., 1998; Pichon et al., 1998). Using a more global transcriptomic 
approach, a maize cell wall data base has been developpped « MAIZEWALL » as well as a 
cell wall « array » (Guillaumie et al., 2007b). Microscopic observation of maize internode has 
revealed that there exists a great diversity of lignified tissues (sclerenchyma, parenchyma, 
xylem…) and non lignified tissues (parenchyma, phloem…). Regarding this tissular diversity, 
we assumed that each cell type has its own genetic programme and that there are different 
factors controlling the organization and the proportion of these different tissues between lines 
of contrasted digestibility. 
 
5.2 Aims of my thesis work 
 
My thesis project « Assemblage et dégradation des parois de maïs: de la plante entière 
à l’échelle cellulaire» is in continuation of the former works realized in the team. The main 
aim is to better understand the mecanisms underlying secondary cell wall formation in the 
different lignified maize cell types at two levels: 1) whole plant and 2) cellular scale. The first 
part of my work was to identify the role of CCR1 (Cinnamoyl-CoA Reductase) in the set up 
of lignified cell walls and to understand how it influences digestibility by caracterizing the 
Zmccr1- mutant. The second part aimed to better understand the importance of the proportions 
and the composition of the different lignified cell types on digestibility. In this end, we 






transcriptomic analysis. During my thesis work, I had the opportunity to take part in the 
development of laser capture microdissection in the laboratory. 
My manuscript is presented as two chapters written in publication style so as to 
optimize the scientific valorization of my work. 
 
Chapitre 1. Characterization of a cinnamoyl-CoA reductase 1 (CCR1) mutant in maize: 
effects on lignification, fibre development, and global gene expression.  
Cinnamoyl-CoA Reductase (CCR) is the first enzyme committed to the monolignols 
biosynthetic pathway and is considered as being the limiting enzyme regulating lignin content 
(Piquemal et al., 1998; Goujon et al., 2003; Ralph et al., 1998; O’Connell et al., 2002; Leplé 
et al., 2007; Wadenback et al., 2008). In maize, an insertional mutant in the CCR1 gene has 
been identified. This mutant has been characterized phenotypically, cytologically and 
molecularly. We have shown that a change in H content as well as in its distribution can 
positively affect digestibility. To our knowlegde, this is the first description of a down-
regulated CCR gene in gramineae (Journal of Experimental Botany Vol 62, N° 11, pp 3837-
3848). 
 
Chapitre 2. Biochemistry, cytology, transcript profiling and Laser Capture 
Microdissection (LCM) point to cell tissue proportion and sclerenchyma wall 
composition as determining factor for maize cell wall digestibility. 
For this work, two maize lines of contrasted digestibility (Cm484 et F98902), selected 
by the Association Interprofessionnelle pour le Développement des Semences dans le Sud-
Ouest (ASEDIS-SO) financing my thesis work, have been characterized by different tools. 
The results obtained allow us to present an ensiling maize plant model and to define new 
histological criteria to be taken into account for selection (this work will be submitted for 
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1 Avant-propos:  
Ce chapitre porte sur la caractérisation phénotypique et moléculaire du mutant Zmccr- 
de maïs. Mon implication dans ces travaux a consisté à mettre au point la méthode 
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La Cinnamoyl-CoA reductase (CCR) est une des premières enzymes dédiée à la voie 
de biosynthèse des monolignols. Chez le maïs, un mutant du gène CCR1 a été mis en 
évidence après le criblage d’une banque de mutant insertionnel Mu. L’analyse de niveau 
d’expression du gène CCR1 démontre qu’il est toujours exprimé dans la tige du mutant mais 
en plus faible quantité que chez le sauvage. Chez le mutant Zmccr1-, on observe une faible 
diminution de la quantité totale de lignine (10%) associée à une nette amélioration de sa 
digestibilité. L’analyse structurale des lignines montre que le rapport S/G a augmenté et que la 
proportion d’unités H est fortement diminuée. 
Une analyse histologique, de l’entrenœud sous épi de Zmccr1-, montre que la surface 
de sclérenchyme périvasculaire a augmenté et que la morphologie cellulaire est affectée. Une 
coloration au phloroglucinol (détection des lignines) s’avère négative dans le sclérenchyme de 
la partie basale de l’entrenœud alors que dans la partie haute une légère coloration rouge est 
visible chez le mutant Zmccr1-. En utilisant des anticorps spécifiquement dirigé contre les 
unités H, nous avons montré que chez Zmccr1- la quantité et la distribution des unités H sont 
fortement affectées. 
Une analyse transcriptomique comparative mutant/sauvage démontre qu’aucun autre 
gène impliqué dans la biosynthèse des lignines n’est sous-exprimé. Par contre, on trouve 
d’autres gènes impliqués dans  mise en place de la cellulose et du sclérenchyme qui sont sous-
exprimés.  
Les résultats obtenus nous suggèrent que CCR1 aurait un rôle important dans la 
synthèse des unités H et la structure des parois.  
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Abstract
Cinnamoyl-CoA reductase (CCR), which catalyses the first committed step of the lignin-specific branch of
monolignol biosynthesis, has been extensively characterized in dicot species, but few data are available in
monocots. By screening a Mu insertional mutant collection in maize, a mutant in the CCR1 gene was isolated named
Zmccr1–. In this mutant, CCR1 gene expression is reduced to 31% of the residual wild-type level. Zmccr1– exhibited
enhanced digestibility without compromising plant growth and development. Lignin analysis revealed a slight
decrease in lignin content and significant changes in lignin structure. p-Hydroxyphenyl units were strongly
decreased and the syringyl/guaiacyl ratio was slightly increased. At the cellular level, alterations in lignin deposition
were mainly observed in the walls of the sclerenchymatic fibre cells surrounding the vascular bundles. These cell
walls showed little to no staining with phloroglucinol. These histochemical changes were accompanied by an
increase in sclerenchyma surface area and an alteration in cell shape. In keeping with this cell type-specific
phenotype, transcriptomics performed at an early stage of plant development revealed the down-regulation of genes
specifically associated with fibre wall formation. To the present authors’ knowledge, this is the first functional
characterization of CCR1 in a grass species.
Key words: Affymetrix array 18K, CCR, cell wall, digestibility, lignin, sclerenchyma, Zea mays.
Introduction
Lignin biosynthesis has received growing attention in
the cell wall field because lignin is a limiting factor in
a number of agro-industrial processes such as pulping,
forage digestibility, and lignocellulosic-to-bioethanol con-
version processes. Cinnamoyl-CoA reductase (CCR) is the
entry point for the lignin-specific branch of the phenyl-
propanoid pathway and is considered to be a key enzyme
controlling the quantity and quality of lignins (Piquemal
et al., 1998; Jones et al., 2001; Goujon et al., 2003;
Kawasaki et al., 2006; Leple et al., 2007; Wadenback et al.,
Abbreviations: CCR, cinnamoyl-CoA reductase; C3H, p-coumaroyl ester 3-hydroxylase; DFR, dihydroflavonol reductase; G, guaiacyl; H, p-hydroxyphenyl; QTL,
quantitative trait locus; S, syringyl.
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2008; Zhou et al., 2010). However, most of the functional
analysis of CCR has been performed on non-grass species.
The first transgenic plants with down-regulated CCR
activity were obtained in tobacco (Piquemal et al., 1998)
using an antisense strategy. Lignin content was decreased to
50% of the wild type in transgenic lines exhibiting severe
reduction of CCR activity. This dramatic lignin decrease
provoked deleterious effects on plant development including
stunting and collapsed xylem vessels. Molecular pheno-
typing demonstrated that decreasing CCR expression in
tobacco affected not only cell wall synthesis, but also
other metabolic processes such as photorespiration and
photo-oxidative stress (Dauwe et al., 2007). In CCR
down-regulated poplar, transcript and metabolite profiling
suggested that, in addition to altered lignification, CCR
deficiency resulted in a decrease in hemicellulose and pectin
biosynthesis (Leple et al., 2007).
Many data concerning the role of CCR1 have
been obtained in Arabidopsis. The first CCR mutant in
Arabidopsis was identified based on its collapsed xylem
phenotype (Jones et al., 2001) and named irx4 (for irregular
xylem 4). Irx4 exhibits a strong decrease in lignin content
(50%) associated with a severe defect in secondary cell wall
formation. Its interfascicular fibres are characterized by an
expanded cell wall in the interior of the cell. More recently,
further studies carried out on irx4 suggested that lignifi-
cation was delayed during plant development (Patten et al.,
2005; Laskar et al., 2006). In addition to irx4, antisense
CCR lines and allelic ccr1 mutants have been obtained
(Goujon et al., 2003; Mir Derikvand et al., 2008). Analyses
of feruloyl derivatives in these lines suggested that feruloyl-
CoA, a substrate of CCR, was redirected to cell wall-bound
ferulate esters and soluble feruloyl malate. In addition, the
increased recovery of 1,2,2-trithioethyl ethylguaiacol from
thioacidolysis of CCR-deficient angiosperms (Arabidopsis,
poplar, tobacco) revealed increased incorporation of
free ferulic acid in lignins by bis-8-O-4 (cross) coupling
(Ralph et al., 2008).
In grasses, the role of CCR in controlling the flux of
phenylpropanoid metabolites to lignins has never been
demonstrated. cDNAs encoding CCR genes have been
identified in many monocot species including maize (Pichon
et al., 1998), sugarcane (Selman-Housein et al., 1999),
perennial ryegrass (McInnes et al., 2002; Tu et al., 2010),
rice (Bai et al., 2003; Kawasaki et al., 2006), barley
(Larsen, 2004), wheat (Ma and Tian, 2005; Ma, 2007), and
more recently, switchgrass (Escamilla-Trevino et al., 2010).
As is the case in dicots, all grass CCR proteins possess
two conserved functional domains: an NADPH binding
site and a CCR amino acid signature, NWYCY (Lacombe
et al., 1997). This NWYCY motif has recently been shown
to be essential for CCR activity in two switchgrass CCRs,
PvCCR1 and PvCCR2 (Escamilla-Trevino et al., 2010).
PvCCR1, which is involved in constitutive lignification,
prefers feruloyl-CoA as substrate, whereas PvCCR2 is more
related to defence and its preferred substrates are caffeoyl
and 4-coumaroyl-CoA. In wheat, two cDNAs, Ta-CCR2
and Ta-CCR1, have been characterized (Bai et al., 2003;
Ma and Tian, 2005; Kawasaki et al., 2006; Ma, 2007).
Both corresponding recombinant enzymes could use
feruloyl, 5-OH-feruloyl, sinapoyl, and caffeoyl-CoAs as
substrates; however, as in switchgrass, Ta-CCR1 used
feruloyl-CoA with the greatest efficiency (Ma and Tian,
2005).
In maize, two cDNAs, ZmCCR1 and ZmCCR2, have
been reported (Pichon et al., 1998). Whereas ZmCCR1 was
preferentially expressed in all lignifying tissues, ZmCCR2
was detected mainly in roots and it was shown to be
induced by drought conditions (Fan et al., 2006). A more
recent study identified six other maize contigs that were
annotated as putative CCRs (Guillaumie et al., 2007).
Expression data indicated that although all of them were
expressed in lignifying ear internodes, ZmCCR1 was the
most highly expressed. Therefore, in order to study the role
of CCR1 in the formation and digestibility of lignified cell
walls in maize, a maize CCR1 mutant, Zmccr1– has been
isolated and characterized. The characterization of Zmccr1–
revealed that despite only a slight decrease in lignin
content, there were significant changes in lignin structure.
Histochemical and immunocytochemical studies suggested
that these lignin alterations were tissue specific. Finally,
these modifications in lignin structure had a positive impact
on the digestibility of maize stems without provoking
any detrimental repercussions on plant growth and
development.
Materials and methods
Heterologous expression of ZmCCR1 in Escherichia coli and CCR
activity assay
The full-length ZmCCR1 cDNA was cloned in pT7-7 vector for
expression in BL21 E. coli. To facilitate cloning, an NdeI site
overlapping the ATG start codon (5’-CGTCGCCCATAT-
GACCGTCG-3’) and BamHI site (5’-GGGCGAATTG-
GATCCCGGGC-3’) were introduced by PCR. Recombinant
protein production was performed according to the protocol
described by Lacombe et al. (1997). CCR activity measurements
and Km determinations were performed as previously described by
Goffner et al. (1994).
Field experiments
Field experiments were carried out over 2 years in block designs
with two replicates. Row spacing was 0.75 m, and the density
was 90 000 plants ha–1. Whole-plant biomass, excluding the ears,
was collected at the silage stage and subjected to chemical and
digestibility assay after drying the samples in a ventilated oven
at 65 C.
Isolation of Zmccr1–
One insertion event was isolated using a resource of 27 500
maize lines following the procedure described by Ka¨rko¨nen
et al. (2005). Mutant screens were accomplished through a PCR-
based approach using a Mu-specific primer called OMuA: 5#-
CTTCGTCCATAATGGCAATTATCTC-3’ in combination with
CCR primers (forward1: 5#-GTCGCCAGGATGACC-3#, forward2:
5#-GTACATCGCCTCGTGGTTAG-3# reverse: 5#-GAGTTCTG-
CAAGAGAACGAG-3#) that are specific to ZmCCR1. Because of
the process used to make the maize mutant collection, each plant
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from the F2 generation for each family has a heterogeneous
genetic background. Therefore, to minimize phenotypic variation
between plants belonging to the same family, each mutant was
crossed with a standard elite line adapted to the European
climate. Thus, at each generation, there is a genetic segregation
for the mutant allele; therefore, the presence of a Mu insertion
was verified for each plant at each generation. After three
rounds of crosses, heterozygous mutants were self-pollinated and
analysed.
Lignin analysis
Ear internode and whole plants at silage stage were lyophilized at
harvest and ground to a fine powder. Lignin analyses were
performed on extract-free cell wall residue. Lignin content was
estimated by the Klason procedure (Whiting et al., 1981). Lignin
monomeric composition was determined by thioacidolysis fol-
lowed by GC-MS of lignin-derived monomer trimethylsilyl deriv-
atives (Lapierre et al., 1986). Determination of p-hydroxycinnamic
esters linked to lignin was performed by mild alkaline hydrolysis
according to Jacquet et al. (1995).
Digestibility measurements
Digestibility measurements were performed as previously described
in Pichon et al. (2006) on plants grown in field conditions at silage
stage. All parts of the plant except the ears were collected for
analysis.
Lignin histochemical staining
Transverse sections (100 lm) were made using a vibratome from
internodes of plants grown under field conditions at flowering
stage. Phloroglucinol staining was performed according to
standard protocols (Nakano, 1992). Sections were observed using
an inverted microscope (Leitz DMRIBE; Leica Microsystems,
Wetzlar, Germany). Images were registered using a CCD camera
(Color Coolview; Photonic Science, Milham, UK).
Quantitative analysis of vascular bundles
Ear internodes from plants collected at the flowering stage were
sectioned (100 lm) using a vibratome, stained with phloroglucinol,
and scanned (2400 dpi). The image was then calibrated: 20320 mm
corresponds to 188931889 pixels. The sizes of 122 and 110
vascular bundles located under the epidermis in the lignified
parenchyma zone were measured for wild type and Zmccr1–
mutant, respectively. The number of vascular bundle and their
surface area were determined with Image PRO-Plus software
(Media Cybernetics, Silver Spring, MD, USA).
Immunohistochemistry
Immunohistochemistry experiments were performed as described
in Chavez Montes et al. (2008) with some modifications. Samples
of maize tissues were fixed in 80% (v/v) ethanol. They were
dehydrated in two successive ethanol 100% and embedded in LR
White resin (Electron Microscopy Sciences; 33%, 50%, 66%, and
100% in ethanol). Primary antibodies against p-hydroxyphenylpro-
pane (H) epitopes were diluted 1:50 (v/v) (Joseleau and Ruel,
1997). The secondary antibody was a goat anti-rabbit IgG coupled
to the fluorescent dye Alexa Fluor 633 (Molecular Probes) and was
used at a 1:10 (v/v) dilution. For each experiment, two plants per
line (wild type and mutant) and two sections per plant were
observed.
RT-PCR analysis
RNA was extracted from piled-up internodes of 20-d-old
plants with RNeasy midi kit (Qiagen) and reverse transcribed
using MMLV (Promega enzyme). CCR1 gene expression was
monitored by RT-PCR using specific primers (forward
5#-TCCTCGCCAAGCTCTTCCCCGA-3# and reverse 5#-AAGA-
ACGAACATGACGTTACAAGTCTTAGG-3#) designed in the
3#UTR region. The amplification of GAPDH was performed
as a control (forward 5#-CCATGGAGAAGGCTGGGG-3# and
reverse 5#-CAAAGTCATGGATGACC-3#).
Affymetrix array hybridization
Hybridization experiments were performed as described in
Cossegal et al. (2008) with RNA extracted from piled-up
internodes of 20-d-old plants using RNeasy midi kit. All raw and
normalized data are available through the CATdb database
(AFFY_CCR_Maize) (Gagnot et al., 2008) and from the Gene
Expression Omnibus (GEO) repository at the National Center for
Biotechnology Information (NCBI) (Barrett et al., 2007): accession
number GSE 11531.
Results
Characterization of CCR1 gene structure and mutant
isolation in maize
This study focuses on ZmCCR1 since it was originally
shown that its expression was correlated with lignifying
tissues (Pichon et al., 1998). In this study, recombinant
CCR1 protein was produced in E. coli and was active
against all CCR substrates tested, with a slightly higher
affinity for p-coumaroyl-CoA (Km for p-coumaroyl-CoA:
2.8 lM, sinapoyl-CoA: 6.58 lM, feruloyl-CoA: 9.26 lM).
The availability of the maize genome sequence allowed us to
identify the complete genomic sequence for ZmCCR1. The
ZmCCR1 gene contains five exons and four introns
(Fig. 1A). In comparison with other grasses (rice, sorghum,
ryegrass, Brachypodium) and dicots (Arabidopsis, poplar),
the intron/exon positions of the ZmCCR1 gene are
well conserved (Supplementary Fig. S1 available at JXB
online).
To identify a CCR1 mutant, a Mu collection of 27 500
maize lines was screened using a PCR-based approach with
a Mu-specific primer that binds the terminal-inverted repeat
sequence of the Mu element together with specific CCR
primers. An insertional CCR1 mutant, Zmccr1–, was
identified. Sequence analysis of the flanking region sur-
rounding the Mu element indicated that the mutation
occurred in the first intron (Fig. 1A). To correlate Zmccr1–
phenotype with the Mu insertion, Zmccr1– was backcrossed
to an elite line devoid of active Mu element. The
mutation was tracked by PCR-based markers and, after five
backcrosses, selfing was performed in order to obtain
homozygous plants for a wild-type allele or the ccr1
mutation.
RT-PCR was performed to determine the effect of the
Mu insertion on CCR gene expression. CCR1 transcripts
were detectable in the Zmccr1– mutant but in lower
amounts compared with the wild type (Fig. 1B). Further
transcriptomic data allow us to estimate that CCR1 gene
expression in Zmccr1– was reduced to 31% of the residual
wild-type level.
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The Zmccr1– mutant displays normal growth and
development but modified lignin structure and cell wall
digestibility
At all developmental stages, field-grown Zmccr1– was
phenotypically indistinguishable from wild-type plants
(data not shown). The effect of CCR1 down-regulation on
lignin content and composition and cell wall digestibility
was determined in field-grown plants at the silage stage
(Table 1). The Zmccr1– mutation had very little effect on
lignin content. Whereas lignin content of the mutant and
wild-type ear-bearing internodes was similar, the whole-
plant biomass of Zmccr1– displayed a slight reduction in
lignin content (reduction by ;10%, Table 1). This slightly
reduced lignin level was associated with a significant in-
crease in cell wall digestibility. Lignin structure was then
investigated by thioacidolysis, in ear-bearing internodes and
whole-plant biomass (Table 1). The yield of thioacidolysis,
p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) monomers,
reflects the frequency of lignin units involved in labile b-O-4
bonds. These monomers were released in similar amounts in
Zmccr1– and wild-type plants, suggesting that the overall
frequency of lignin units involved in labile b-O-4 bonds is
not affected by the mutation or, conversely, that the
frequency of resistant interunit bonds, referred to as the
lignin condensation degree, is similar in the mutant and
control samples. Whereas the lignin content is very little
affected in Zmccr1–, significant changes were observed in
the relative frequency of S, G, and H monomers. Down-
regulation of maize CCR1 resulted in an increase in the S/G
ratio of both the ear-bearing internodes and whole-plant
biomass (Table 1). Another striking difference concerned
the H lignin units. H units were released in lower amounts
from Zmccr1–compared with the wild-type plants. Accord-
ing to a recent study, the lignins of CCR-deficient poplar,
tobacco, and Arabidopsis contain higher amounts of
G-CHSEt-CH2(SEt)2, a compound that originates from the
increased incorporation of ferulic acid by bis-b-O-4 ethers
(Ralph et al., 2008). Concomitantly with the accumulation
of this ferulic acid-derived marker compound, cell walls of
CCR-deficient plants release higher amounts of ferulic acid
when subjected to thioacidolysis and/or to mild alkaline
hydrolysis (Chabannes et al., 2001; Leple et al., 2007; Mir
Derikvand et al., 2008). In contrast to these CCR-deficient
dicots, the Zmccr1– samples analysed in the present study
did not release higher amounts of ferulic acid or of the
G-CHSEt-CH2(SEt)2 marker compound when subjected to
thioacidolysis and as compared with the wild-type samples.
When subjected to alkaline hydrolysis, Zmccr1– cell walls
Fig. 1. ZmCCR1 gene structure and impact of the Mu mutation on CCR expression. (A) Exon and intron organization of the ZmCCR1
gene. Black boxes indicate exons and lines between boxes indicate introns. Insertion of the Mu element is indicated by an open
arrowhead. The references for ZmCCR1 are as follows: gene ID 542463 in NCBI, 199139 in Maize GDB, and GRMZM2G131205 in
maizesequence.org. (B) RT-PCR of CCR1 expression in piled-up internodes of 20-d-old wild-type and Zmccr1– plants.
Table 1. Impact of CCR1 down-regulation on lignin content and composition and cell wall digestibility at the silage stage
All values are the means from three wild-type and three mutant (Zmccr1–) plants. The lignin content is measured as Klason Lignin (KL) and
expressed as a weight percentage of the extract-free sample. Lignin structure is evaluated by determining the H, G, and S thioacidolysis
monomers. *Significant differences between wild-type and mutant parameters are indicated by Student t-test P<0.05. ND: not determined
Line KL (%) dNDF (%) Thioacidolysis







Wild type 12.89 ND 1117 1.24* 39.9* 58.9* 1.48*
Zmccr1– 12.31 ND 1015 0.92* 37.6* 61.5* 1.64*
Whole-plant without ear
Wild type 13.04* 23.96* 660 2.27* 43.9* 53.4* 1.22*
Zmccr1– 11.46* 28.25* 620 1.23* 40.6* 57.8* 1.43*
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released similar amounts of ferulic and diferulic acids to the
wild-type samples (Supplementary Table S1 at JXB online).
Down-regulation of ZmCCR1 alters schlerenchymatic
fibre morphology and cell wall structure
Transverse sections were prepared from field-grown, ear-
bearing internodes at the flowering stage. Microscopic
observations were made from the upper and lower portions
of the internode, corresponding to the older and younger
zones of the internode, respectively (Fig. 2). In the upper
and lower portion of wild-type internodes stained with
phloroglucinol, xylem vessels, sclerenchyma cells surro-
unding vascular bundles and situated directly under the
epidermis stained red, confirming that all these cells are
lignified at both stages of development (Fig. 2A, C). In the
basal portion of Zmccr1– internodes, only the xylem stained
red (see arrow on Fig. 2D). The sclerenchyma cells
surrounding the vascular bundles were not only unstained
(Fig. 2D), but their shape appeared more oblong than the
equivalent wild-type cells (Fig. 2E, F). In the upper portion
of Zmccr1– internodes, all lignified cell types exhibited
a reddish-pink coloration, albeit less intense than in the
wild-type cells at the same stage (Fig. 2A, B).
Since biochemical data indicated a lower frequency of H
lignin units in Zmccr1–, their spatial distribution in immu-
nolocalization experiments was examined with a specific
H-unit antibody (Joseleau and Ruel, 1997). In the upper
portion of wild-type internodes, H units were detected in all
cell types (Fig. 3A). A close-up of sclerenchyma cells
surrounding the vascular bundles indicated that H units
were preferentially localized in the middle lamella and, more
precisely in the tricellular junctions (boxed-in area of
Fig. 3A) in agreement with a previous study (Joseleau and
Ruel, 1997). In the basal portion of wild-type internodes,
the walls of all cell types were also labelled, but H units
appeared to be more evenly distributed throughout the walls
(Fig. 3C). In Zmccr1–, very little labelling was observed in
Fig. 2. Histochemical staining of lignin in wild type (A, C, E) and Zmccr1– (B, D, F). Light micrographs of transverse sections stained with
phloroglucinol from the top (A, B) and bottom (C, D) parts of the ear-bearing internode. (E and F) Enlargement of sclerenchyma located
around vascular bundles. Black arrow in (D) indicates xylem vessels stained red with phloroglucinol. Bars: 500 lm (A–D), 50 lm (E, F). P,
parenchyma; S, sclerenchyma; E, epidermis; X, xylem vessels.
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the upper portion of the internode (Fig. 3B) and in the basal
portion, H units were located in all cell types (Fig. 3D).
However, in the basal portion, the label in sclerenchyma cells
was less intense than the wild type and unevenly distributed
within the wall (boxed-in area of Fig. 3D).
Another striking feature of Zmccr1– was the
difference in vascular bundle size as compared with the
wild type (Figs 2, 4). Although the overall spatial organiza-
tion of the different cell types within the bundle was
conserved Zmccr1– bundles were larger. In the wild-type
sample, the mean size of the vascular bundles ranged
between 20 000 and 60 000 lm2, whereas in Zmccr1– the
distribution of vascular bundle size was larger, ranging from
40 000 to 160 000 lm2 (Fig. 4). This difference was mainly
due to an increase in surface area of sclerenchyma cells
surrounding the bundle and not the xylem or phloem
themselves.
Transcriptomics analysis
To determine the influence of the CCR mutation on global
gene expression, transcriptome profiling was performed
on young piled-up internodes of 20-d-old Zmccr1– and
wild-type plants. A total of 167 genes were differentially
expressed between the two genotypes: 107 genes were
up-regulated and 60 were down-regulated (Supplementary
Table S2A, B at JXB online). A subset of the data relevant
to cell wall, phenylpropanoid metabolism, and transcription
factors are shown in Table 2.
Besides CCR1 itself, no other lignification genes were
down-regulated in Zmccr1–. As for cell wall modifying
enzymes, genes encoding a cellulase, a glucan endo-1,3-
b-glucosidase, and a glycosyltransferase 6 were also found
to be down-regulated in the mutant. In relation to
sclerenchyma formation, a katanin p80 gene was the second
most significantly reduced gene in Zmccr1– (Table 2). In
Arabidopsis, AtKN1 is essential for normal cortical micro-
tubule patterning (Burk et al., 2001). The corresponding
mutant, fragile fibre 2 (fra2), exhibits altered cellulose
microfibril deposition and cell wall biosynthesis in fibres
(Burk and Ye, 2002). Interestingly, another gene in relation
to cellulose microfibril deposition, a kinesin (corresponding
to the fra1 Arabidopsis mutant) (Zhong et al., 2002), was
also down-regulated in Zmccr1–. Elsewhere, it was noted
Fig. 3. Immunolocalization of H unit lignins in wild type (A, C) and Zmccr1– (B, D). Indirect immunofluorescence micrographs of resin-
embedded ear-bearing internode sections. Sections were performed in the top (A, B) and bottom (C, D) portions of internodes and
labelled with anti-H antibodies. White boxes in A, C, D: enlargement of sclerenchyma cells. Anti-H label is indicated in red. P,
parenchyma; S, sclerenchyma; X, xylem vessels. Bar: 50 lm (A-D).
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that the most down-regulated gene in the complete data set
codes for an extracellular matrix structural constituent
(Supplementary Table S2A at JXB online).
Among the up-regulated genes in Zmccr1–, six structural
proteins including five proline-rich proteins and a hydrox-
yproline-rich protein were identified (Table 2). In addition,
genes involved in flavonoid metabolism, such as flavonoid
3’-hydroxylase, two dihydroflavonol-4-reductases, and an
anthocyanidin 3-O-glucosyltransferase, were also up-regu-
lated. Another striking feature of Zmccr1– gene expression
is the up-regulation of seven members of the MADS-box
transcription factor family. These transcription factors
have been studied mainly in the context of floral develop-
ment (Hernandez-Hernandez et al., 2007). Although a link
between the MADS-box transcription factors and CCR
down-regulation is difficult to establish, Liljegren et al.
(2000) reported a role for a MADS-box transcription factor
in the lignification of the Arabidopsis silique that would
enable dehiscence.
Discussion
ZmCCR1 plays a role in dictating lignin structure in
maize
A major conclusion of previous studies on dicot species was
that strong down-regulation of the CCR gene dramatically
affects lignin content. For example, in irx4 (Jones et al.,
2001) and the knock-out CCR1 Arabidopsis mutant
(Mir Derikvand et al., 2008), the lignin content of mature
floral stems was reduced to ;50% of the wild-type level.
Concomitantly, feruloyl-CoA, which is a substrate of CCR
in dicots, was redirected either to ferulic acid ester-linked to
the cell walls or incorporated into lignins, or, in the case of
Arabidopsis, to soluble feruloyl malate (Mir Derikvand
et al., 2008; Ralph et al., 2008). In maize, the Mu insertion
in the first intron of the CCR gene led to a slight decrease in
CCR expression. As a consequence, the lignin content was
slightly affected and the pool of ferulic acid was not altered.
A small decrease in lignin content has also been reported in
transgenic Norway spruce expressing the CCR gene in
antisense orientation. In that case, the transcript abundance
of CCR was reduced by 35% (Wadenback et al., 2008). The
most important effect observed in the internodes of the
Zmccr1– mutant was an increase in the S/G ratio as well as
a decrease in H lignin units. Moreover, the use of an H unit
antibody revealed changes in both the amount and the
distribution of H units in the ear internode. Radiotracer
experiments performed in grass and non-grass species have
revealed that lignins deposited in the middle lamella and at
the early stage of lignification are enriched in H units
(Terashima, 1993). In addition, these H units are more
abundant in the lignins of compression wood (Bailleres
et al., 1997) and in the stress lignins formed in response to
a fungal elicitor (Lange et al., 1995) or to ozone exposure
(Cabane et al., 2004). In transgenic Norway spruce dis-
playing moderate CCR down-regulation, a significant
decrease in the minor H units has been reported
(Wadenback et al., 2008). A similar reduction in H lignin
has been reported in Arabidopsis (Goujon et al., 2003)
and alfalfa (Nakashima et al., 2008a) antisense CCR
plants. Interestingly, in all plant species (gymnosperms,
angiosperms, dicots, and monocots) and for all degrees
of down-regulation (moderate or severe), CCR down-
regulation systematically reduces the frequency of H lignin
units, which are more specific to the early lignification
stage or stress lignins. By contrast, the down-regulation of
p-coumaroyl ester 3-hydroxylase (C3H) in Arabidopsis led
to lignin essentially comprised of H units (Abdulrazzak
et al., 2006). In a similar manner, down-regulation of C3H
in alfalfa (Ralph et al., 2006) and in poplar (Coleman et al.,
2008) led to an increased proportion of H units. Thus, it
seems that CCR1 and C3H have opposing roles in establish-
ing H unit content in plant lignins. In maize, it was
demonstrated that although CCR1 recombinant protein
uses all the CCR substrates tested, its preferred substrate is
p-coumaroyl-CoA. This result is quite different from those
obtained in switchgrass (Escamilla-Trevino et al., 2010) and
rice (Ma and Tian, 2005; Ma, 2007) in which CCR1
exhibited a higher affinity for feruloyl-CoA. This difference
could be related to the fact that these grass species belong to
divergent clades (Supplementary Fig. S2 at JXB online).
Taken together these results suggest that CCR1 plays a role
in regulating lignin monomeric composition in maize and,
more particularly, the formation of the minor H lignin
units. Albeit occurring in relatively minor amounts (<5% of
the lignin units, except in compression wood), these H units
may have a locally higher concentration and a pivotal role
in modulating plant cell wall properties, particularly in the
middle lamella region. In vascular and supporting tissues,
this cell wall region has high lignin content and contains
Fig. 4. Distribution of vascular bundle surface area in internodes
of wild type and Zmccr1–. Vascular bundle size was measured
from 100 lm sections from the basal portion of the ear-bearing
internode. Sections were stained with phloroglucinol reagent and
scanned. Using Image Pro software each vascular bundle located
in the external zone of the internode was numerized for counting.
A total of 122 and 110 vascular bundles for wild type and Zmccr1–
mutant respectively were counted. Black and grey bars on the
histogram represent, respectively, wild-type and Zmccr1– vascular
bundle sizes.
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lignins that are rich both in H units and in condensed
bonds, which probably favours their cementing function.
The fact that CCR1 down-regulation specifically affects the
formation of the minor H lignin units in all plant
species might suggest that this down-regulation is more
effective during the early stages of lignification. Another
hypothesis would be that the formation of H lignins would
proceed by different mechanisms than the formation of
G or S constitutive lignins. In agreement with the fact
that stress lignins are often enriched in H units (Lange
et al., 1995), one can imagine that, due to its higher redox
potential and as compared with coniferyl or sinapyl alcohol,
the effective incorporation of p-coumaryl alcohol into the
lignin polymers requires harsher oxidative conditions,
such as those occurring during plant defence and in
the presence of high concentrations of reactive oxygen
species. In non-stress conditions, the baseline level of these
reactive oxygen species would allow the incorporation of
some H units whereas stress conditions would increase this
incorporation. To further support the relationship of grass
CCR1 to stress lignins, recent work has revealed that
rice CCR1 is an effector of the small GTPase Rac acting in
plant defence (Kawasaki et al., 2006; Nakashima et al.,
2008b).
Table 2. Differential expression of genes involved in cell wall and phenylpropanoid metabolism and transcription factors between
Zmccr1– and wild-type plants
Experiments were performed with RNA extracted from 20-d-old plants.
Gene Accession No. Log2 ratio Bonferroni
Cell wall and phenylpropanoid metabolism
Down-regulated genes in Zmccr1–
Extracellular matrix structural constituent. gb|CF647864 –8.18 0.00E+0
Katanin p80 (fra2) gb|BG873873 –4.53 0.00E+0
Cinnamoyl-CoA reductase 1 gb|CF632382 –1.69 0.00E+0
Actin-related protein 7 gb|AY107222.1 –1.23 2.54E–7
Cellulase 1 gb|AY108307.1 –1.14 7.33E–6
Glucan endo-1,3-b-glucosidase-related gb|CO522465 –1.00 7.83E–4
Glycosyltransferase 6 gb|AI665306 –1.00 7.29E–4
Kinesin (fra1) gb|BM380170 –0.88 2.04E–2
Up-regulated genes in Zmccr1–
Pectinesterase gb|AY112091.1 7.55 0.00E+00
Proline-rich protein APG precursor gb|AW573375 6.5 0.00E+00
Flavonoid 3’-hydroxylase gb|BG873885 2.13 0.00E+00
Polygalacturonase inhibitor 1 gb|CK371299 1.82 0.00E+00
Dihydroflavonol-4-reductase gb|CK827965 1.81 0.00E+00
Dihydroflavonol-4-reductase gb|CO523092 1.76 0.00E+00
Hydroxyproline-rich glycoprotein gb|BM350630 1.72 0.00E+00
UDP-glucose 4-epimerase gb|AY303682.1 1.31 1.08E–08
Proline-rich protein gb|BM380341 1.3 2.16E–08
Chorismate mutase gb|AI673851 1.23 2.29E–07
Anthocyanidin 3-O-glucosyltransferase gb|CO525742 1.21 5.80E–07
Proline-rich protein APG precursor gb|CO532055 1.17 2.41E–06
Peroxidase 27 gb|CK144844 1.08 5.35E–05
Pectinesterase gb|CF629045 1.05 1.26E–04
Proline-rich protein APG gb|BM382516 0.95 3.30E–03
Cell wall protein gb|M36914.1 0.85 4.97E–02
Transcription factors
Down-regulated genes in Zmccr1–
AtMYB59 gb|BU571552 –0.98 1.37E–3
bZIP transcription factor HBP-1b gb|X69152.1 –0.89 1.99E–2
Transcription factor HBP-1b gb|X69152.1 –0.86 4.14E–2
Up-regulated genes in Zmccr1–
CHY zinc finger family protein gb|BQ538104 4.86 0.00E+00
MADS-box transcription factor 4 gb|AW055920 3.43 0.00E+00
MADS-box transcription factor 16 gb|AF181479.1 3.06 0.00E+00
MADS-box transcription factor 2 gb|BM078498 2.99 0.00E+00
MADS-domain transcription factor gb|CF649598 2.8 0.00E+00
MADS-box transcription factor 8 gb|BQ703314 1.99 0.00E+00
Zinc finger (HIT type) family gb|BU571579 1.49 6.98E–12
MADS-box transcription factor 34 gb|AI691625 0.94 4.30E–03
MADS-box transcription factor 15 gb|AF112150.1 0.86 4.26E–02
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Down-regulation of CCR1 altered lignin structure in
a cell type-specific manner
In the younger portion of Zmccr1– internodes, the cell walls
of sclerenchyma cells surrounding the vascular bundles were
poorly stained with phloroglucinol and H units were not
uniformly distributed within the wall. Since total lignin
content was only affected slightly in Zmccr1–, the absence
of phloroglucinol staining was somewhat surprising.
Interestingly, in the maize brittle stalk-2 mutant in which
cellulose deposition was modified, sclerenchyma cells did
not react with phloroglucinol stain despite higher amounts
of lignin and hydroxycinnamic acids in internodes (Sindhu
et al., 2007). In the case of Zmccr1–, one explanation could
be that lignification is delayed in the sclerenchyma cells.
This hypothesis is supported by the fact that the upper
(older) portion of the internode reacted positively to
phloroglucinol staining. A delay in lignification and de-
velopment has been reported for the CCR Arabidopsis
mutant, irx4 (Laskar et al., 2006). Moreover, the scleren-
chyma cell shape in the basal portion of the ear internode
appeared more oblong in Zmccr1– as compared with the
wild type. Modifications in cell shape have been previously
reported in CCR-down-regulated alfalfa (Nakashima et al.,
2008a). In contrast, xylem vessels of Zmccr1– were not
affected by the CCR mutation. The observation that xylem
vessels are stained red with phloroglucinol and are correctly
formed in Zmccr1– is quite different from that described in
other CCR down-regulated angiosperm species displaying
a collapsed xylem phenotype (Jones et al., 2001; Mir
Derikvand et al., 2008). To date the only xylem-deficient
mutant in maize that has been described is the wilted
mutant (Postlethwait and Nelson, 1957). In this mutant,
some of the vascular bundles are characterized by imma-
ture, non-functional metaxylem elements.
Transcriptomics in Zmccr1– revealed cross-talk in
phenypropanoid metabolism and cellulose deposition in
cell wall
Transcriptomic analysis of 20-d-old plants revealed that,
except for the down-regulation of CCR1, no other genes
involved in the lignification pathway were deregulated. On
the contrary, up-regulation of several flavonoid biosynthetic
genes including a chorismate mutase, two dihydroflavonol
reductases (DFR), and a flavonoid 3’-hydroxylase (F3H)
was observed. Chorismate mutase and DFR were also
differentially expressed in CCR-down-regulated tobacco
(Dauwe et al., 2007). Interestingly, DFR and F3H were
also up-regulated in C3H-down-regulated Arabidopsis. As
CCR1, the HCT/C3H couple uses coumaroyl-CoA as
substrate. When one of these enzymes is disrupted, the pool
of coumaroyl-CoA, which serves usually for the synthesis of
H unit at the early stage of plant development, is probably
redirected towards the flavonoid pathway as indicated
by the up-regulation of both DFR and F3H. Zmccr1–
transcriptomic data also indicated deregulation of two
genes involved in cellulose microfibril deposition, kinesin
and katanin. The corresponding Arabidopsis mutants, fra1
and fra2 respectively, exhibited defects in cell wall for-
mation specifically in sclerenchyma cells (Burk and Ye,
2002; Zhong et al., 2002). More recently, Zhang et al. (2010)
reported that alteration in a kinesin-4 gene in rice led to
modification of sclerenchyma cell wall structure and prop-
erties including randomly oriented cellulose microfibrils and
an increase in lignin and arabinoxylan content. Thus, the
deregulation of genes involved in cellulose microfibril
deposition, together with the observed modification of H
unit distribution in sclerenchyma cell walls suggests that the
cellulose–lignin network may be altered in Zmccr1–.
Moderate down-regulation of CCR1 significantly
improved cell wall digestibility in maize
To the present authors’ knowledge, this is the first report
that the down-regulation of a gene in the lignin biosynthetic
pathway led to a significant increase in cell wall digestibility
without severely modifying lignin content. In keeping with
the improved digestibility in Zmccr1–, the CCR1 gene in
maize is located on chromosome 1 and co-localizes with
a quantitative trait locus (QTL) of cell wall digestibility
explaining 12.1% of this trait in F838XF286 RIL progeny
(Barriere et al., 2008). Co-localization between herbage
quality and CCR1 has also been reported in perennial
ryegrass (Cogan et al., 2005). Thumma et al. (2005) also
reported that CCR polymorphism was associated with
variation in microfibril angle in eucalyptus. Recently,
a single non-coding two-state marker in CCR1 has been
found in poplar (Wegrzyn et al., 2010).
In Zmccr1–, biochemical data indicated that lignin
content (10% lower than wild-type plants) and structure
(lower H unit content) were significantly modified. These
modifications are associated with significantly improved
polysaccharide cell wall degradability [digestibility of
neutral detergent fibre (dNDF) increase from 24% to 28%].
In agreement with biochemical data, cytological observa-
tions indicated specific changes in sclerenchyma cell walls
including greatly reduced phloroglucinol staining and
modification of H distribution within the wall. Even if H
units are in low proportion in cell wall, they are the first to
be incorporated during plant development and may
subsequently modify the establishment of the lignin–
polysaccharide network. The next step is to determine the
precise nature of the changes in sclerenchyma wall chemis-
try and to establish how these changes have a beneficial
impact on plant biomass properties.
Finally, Zmccr1– mutant is of particular interest for
breeders because the increase in digestibility is not associ-
ated with undesirable agronomics traits when plants are
grown in field conditions.
Supplementary data
Supplementary data are available at JXB online.
Supplementary Fig. S1. CCR1 gene structure in different
species.
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Supplementary Fig. S2. CCR1 gene family phylogeny in
grasses.
Supplementary Table S1. Recovery of ferulic and
p-coumaric acids by alkaline hydrolysis of extract-free
whole plant biomass without ear collected at the silage
stage.
Supplementary Table S2. Complete list of down-
regulated and up-regulated genes in Zmccr1–.
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Supplemental Table 1: Recovery of ferulic and p-coumaric acids by alkaline hydrolysis 
of extract-free whole plant biomass without ear collected at the silage stage. Ester-linked 
p-coumaric acid (PC ester), ester-linked ferulic acid (FE ester), ether-linked ferulic acid (FE ether), 
ester-linked 5-5 (diFe 5-5) or 8-0-4 (diFe 8-0-4) diferulates. Data are presented as mg/g NDF  
All values are the means from 3 wild type and 3 mutant (Zmccr1-) plants. 
 
 
Line PC ester FEester FEether diFe 5-5 DiFe 8-O-4 
Wild type  16.96 6.88 0.76 0.11 0.25 











Supplemental Table 2A. Complete list of down-regulated genes in Zmccr1- 
 
Gene N° accession Log2 ratio Bonferroni 
Extracellular matrix structural constituant.  gb|CF647864 -8,18 0,00E+0 
katanin p80 (fra2)  gb|BG873873 -4,53 0,00E+0 
No hits  gb|AI711854 -3,63 0,00E+0 
No hits  gb|BM269430 -3,50 0,00E+0 
No hits  gb|AY107275.1 -3,03 0,00E+0 
unknown protein  gb|CO529513 -2,92 0,00E+0 
unknown protein  gb|AW267560 -2,43 0,00E+0 
unknown protein  gb|CO533612 -2,42 0,00E+0 
No hits  gb|BM269430 -2,27 0,00E+0 
No hits  gb|AI665572 -2,04 0,00E+0 
Lipoxygenase   gb|AF271894.1 -1,90 0,00E+0 
Lipoxygenase   gb|AF271894.1 -1,87 0,00E+0 
transmembrane protein Mlo7  gb|AY029318.1 -1,83 0,00E+0 
Cinnamoyl CoA reductase 1  gb|CF632382 -1,69 0,00E+0 
receptor-like protein kinase precursor  gb|BQ487255 -1,68 0,00E+0 
 Lipoxygenase   gb|CO527646 -1,58 0,00E+0 
haloacid dehalogenase-like hydrolase  gb|CO531121 -1,55 0,00E+0 
GDSL-motif lipase, putative  gb|CO524609 -1,53 0,00E+0 
aspartyl protease family protein  gb|BM336314 -1,47 1,05E-11 
domain Protein of unknown function 
DUF667 
 gb|CN845023 -1,42 1,40E-10 
caspase/ cysteine-type endopeptidase  gb|AY107563.1 -1,31 1,27E-8 
No hits  gb|AI622315 -1,30 2,05E-8 
Actin-related protein 7  gb|AY107222.1 -1,23 2,54E-7 
No hits  gb|CF629332 -1,23 2,26E-7 
pentatricopeptide (PPR) repeat-containing 
protein 
 gb|CK145031 -1,15 5,35E-6 
cellulase 1  gb|AY108307.1 -1,14 7,33E-6 
ATTIC110, TIC110  gb|BM078847 -1,12 1,26E-5 
N-acetyltransferase ESCO2  gb|AI649752 -1,11 2,12E-5 
No hits  gb|BM379136 -1,11 1,91E-5 
hypothetical protein  gb|BM350426 -1,09 3,38E-5 
protein IQ calmodulin-binding  gb|CO526206 -1,05 1,63E-4 
No hits  gb|BM338077 -1,05 1,28E-4 
Ribosome-inactivating protein  gb|AF233881.1 -1,04 2,24E-4 
nodulin MtN21 family protein  gb|BQ619070 -1,02 4,15E-4 
No hits  gb|BM072842 -1,01 5,57E-4 
No hits  gb|BM380074 -1,01 5,22E-4 
unknown protein  gb|CF041487 -1,01 5,19E-4 
glucan endo-1,3-beta-glucosidase-related  gb|CO522465 -1,00 7,83E-4 
glycosyltransferase 6  gb|AI665306 -1,00 7,29E-4 
unknown protein  gb|AY105013.1 -0,98 1,44E-3 
AtMYB59  gb|BU571552 -0,98 1,37E-3 
reticulon family protein (RTNLB9)  gb|BM381122 -0,98 1,29E-3 
hypothetical protein  gb|CF625592 -0,98 1,15E-3 
cation antiporter  gb|AY111153.1 -0,96 2,06E-3 
Proteinase inhibitor  gb|BM334689 -0,95 3,33E-3 
CYP88A4, KAO2 | KAO2  gb|U32579.1 -0,95 3,26E-3 
Glutathione S-transferase GST 26  gb|AF244691.1 -0,95 3,24E-3 
Ribonuclease 2  gb|AY107592.1 -0,92 7,66E-3 
60S ribosomal protein  gb|AW054223 -0,91 9,36E-3 
No hits  gb|AY105088.1 -0,91 9,20E-3 
No hits  gb|AW330590 -0,91 8,83E-3 
bZIP transcription factor HBP-1b  gb|X69152.1 -0,89 1,99E-2 
Hemoglogin 1  gb|CF636772 -0,89 1,77E-2 
phosphoglycerate mutase  gb|CO529387 -0,89 1,60E-2 
No hits  gb|AY111241.1 -0,88 2,32E-2 
No hits  gb|CF021767 -0,88 2,04E-2 
Kinesin (fra1)  gb|BM380170 -0,88 2,04E-2 
glutathione S-transferase  gb|AF244679.1 -0,87 2,87E-2 
No hits  gb|AW566063 -0,86 4,34E-2 
























































Gene N° accession Log2 ratio Bonferroni 
pectinesterase  gb|AY112091.1 7,55 0,00E+00 
proline-rich protein APG precursor  gb|AW573375 6,5 0,00E+00 
GABA-A receptor epsilon-like 
subunit  gb|CA828256 6,5 0,00E+00 
Oxidoreductase  gb|CK368635 6,45 0,00E+00 
protein cytochrome P450 86A2  gb|AF366297.1 5,93 0,00E+00 
Oxidoreductase  gb|CK370833 5,46 0,00E+00 
GTP-binding protein  gb|BQ703993 5,06 0,00E+00 
CHY zinc finger family protein  gb|BQ538104 4,86 0,00E+00 
Ribonuclease 2  gb|CF632189 4,38 0,00E+00 
putative protein  gb|CA826983 4,07 0,00E+00 
MADS-box transcription factor 4  gb|AW055920 3,43 0,00E+00 
Ethylene-binding protein-like  gb|CF348980 3,13 0,00E+00 
MADS-box transcription factor 16  gb|AF181479.1 3,06 0,00E+00 
MADS-box transcription factor 2  gb|BM078498 2,99 0,00E+00 
MADS-domain transcription factor  gb|CF649598 2,8 0,00E+00 
No hits  gb|BM079724 2,76 0,00E+00 
expressed protein  gb|CF626527 2,69 0,00E+00 
protein 60S ribosomal protein L38  gb|BG265848 2,6 0,00E+00 
protein bZIP transcription factor  gb|BM079714 2,4 0,00E+00 
unknown protein  gb|AI987321 2,31 0,00E+00 
protein acyl-desaturase  gb|AI737946 2,3 0,00E+00 
No hits  gb|BM339893 2,28 0,00E+00 
Flavonoid 3'-hydroxylase  gb|BG873885 2,13 0,00E+00 
MADS-box transcription factor 8  gb|BQ703314 1,99 0,00E+00 
protein secretory protein  gb|AY108161.1 1,94 0,00E+00 
Alternative oxidase AOX2  gb|AY059647.1 1,9 0,00E+00 
PHO85-like protein  gb|AW519956 1,83 0,00E+00 
polygalacturonase inhibitor 1  gb|CK371299 1,82 0,00E+00 
Dihydroflavonol-4-reductase  gb|CK827965 1,81 0,00E+00 
protein ZIM motif family  gb|AY106263.1 1,76 0,00E+00 
dihydroflavonol-4-reductase  gb|CO523092 1,76 0,00E+00 
protein aquaporin SIP1.1  gb|AF326498.1 1,73 0,00E+00 
hydroxyproline-rich glycoprotein  gb|BM350630 1,72 0,00E+00 
serine-type endopeptidase  gb|CF636696 1,71 0,00E+00 
No hits  gb|AI677001 1,65 0,00E+00 
No hits  gb|CK370812 1,65 0,00E+00 
calmodulin-related  gb|CF349271 1,64 0,00E+00 
oxidase AOX3  gb|AY059648.1 1,62 0,00E+00 
zinc finger (HIT type) family  gb|BU571579 1,49 6,98E-12 
Pathogenesis related gene5   gb|BE056195 1,45 4,19E-11 
No hits  gb|CF014499 1,43 1,01E-10 
No hits  gb|BM073226 1,4 2,58E-10 








UDP-glucose 4-epimerase  gb|AY303682.1 1,31 1,08E-08 
pyruvate, phosphate dikinase,  gb|CA401385 1,3 1,89E-08 
proline-rich protein  gb|BM380341 1,3 2,16E-08 
No hits  gb|BU050513 1,3 1,88E-08 
jacalin-like lectin  gb|BM382736 1,3 1,70E-08 
Histidine-containing phosphotransfer  gb|AB024293.1 1,3 1,91E-08 
calcium-binding protein  gb|CF348985 1,29 2,56E-08 
Beta-ketoacyl-ACP synthase  gb|CD441294 1,27 6,26E-08 
Asparagine synthetase  gb|CK371318 1,26 7,62E-08 
thioesterase  gb|AY110410.1 1,24 1,56E-07 
No hits  gb|BM079026 1,24 1,63E-07 
chorismate mutase  gb|AI673851 1,23 2,29E-07 
unknown protein  gb|CK370542 1,22 3,71E-07 
No hits  gb|AI734806 1,21 6,20E-07 
anthocyanidin 3-O-
glucosyltransferase  gb|CO525742 1,21 5,80E-07 
proline-rich protein APG precursor  gb|CO532055 1,17 2,41E-06 
endochitinase A  gb|CD967190 1,17 2,15E-06 
















































C2 domain-containing protein  gb|BM379246 1,16 3,45E-06 
enolase, putative  gb|CF634473 1,14 7,94E-06 
strictosidine synthase  gb|BM078129 1,13 9,56E-06 
ubiquitin family protein  gb|BE050536 1,12 1,27E-05 
Trypsin inhibitor  gb|AI374527 1,11 1,74E-05 
No hits  gb|AI666022 1,11 2,04E-05 
peroxidase 27  gb|CK144844 1,08 5,35E-05 
AMP-dependent synthetase  gb|CD953132 1,07 6,46E-05 
pectinesterase  gb|CF629045 1,05 1,26E-04 
No hits  gb|BI358844 1,02 3,50E-04 
2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase  gb|CF638042 1,02 3,29E-04 
ras-related protein Rab-6A,  gb|CF626729 1,01 5,01E-04 
glutathione S-transferase  gb|CO529234 1,01 5,38E-04 
DEAD box RNA helicase  gb|CF628909 1,01 5,28E-04 
No hits  gb|AW574480 1 7,26E-04 
KCS2 (3-ketoacyl-CoA synthase 2  gb|CK144440 1 6,45E-04 
No hits  gb|CF631263 0,98 1,26E-03 
No hits  gb|CA828256 0,98 1,26E-03 
hypothetical protein  gb|CF636496 0,98 1,50E-03 
No hits  gb|CA827096 0,97 1,59E-03 
acidic endochitinase (CHIB1)  gb|BM331999 0,97 1,65E-03 
No hits  gb|BM380577 0,96 2,69E-03 
proline-rich protein APG  gb|BM382516 0,95 3,30E-03 
maturase  gb|AW231401 0,94 4,12E-03 
MADS-box transcription factor 34  gb|AI691625 0,94 4,30E-03 
transfer protein (LTP)  gb|BM267086 0,93 5,32E-03 
Beta-amylase  gb|CD972407 0,93 5,78E-03 
aldo-keto reductase  gb|BM074292 0,92 7,08E-03 
No hits  gb|BM381583 0,91 9,17E-03 
expressed protein  gb|AI665094 0,91 9,60E-03 
expressed protein  gb|CF627333 0,91 9,69E-03 
3-ketoacyl-CoA synthase  gb|BQ538608 0,91 9,63E-03 
No hits  gb|BM501579 0,9 1,37E-02 
syntaxin 121  gb|BM381073 0,89 1,71E-02 
plastid-lipid associated protein PAP  gb|AW927338 0,89 1,80E-02 
cytochrome b5 isoform 2  gb|AY106532.1 0,89 1,61E-02 
triosephosphate isomerase  gb|CK370424 0,88 2,16E-02 
phosphate-responsive protein  gb|CO526593 0,88 2,60E-02 
expressed protein  gb|CK347413 0,88 2,61E-02 
cytochrome b561  gb|BQ538423 0,87 3,00E-02 
bax inhibitor 1  gb|CN844282 0,87 2,68E-02 
MADS-box transcription factor 15  gb|AF112150.1 0,86 4,26E-02 
allyl alcohol dehydrogenase  gb|CO526696 0,86 4,15E-02 
Hypothetical protein  gb|CO524970 0,85 4,60E-02 




Supplemental Figure 1: CCR1 gene structure in different species. Comparative alignment of CCR1 
genes in maize (Zm) (Zea mays) (GRMZM2G131205), sorghum (Sb) (Sorghum bicolor) 
(Sb07g021680), rice (Os) (Oryza sativa) (Os08g34280), Lolium (Lp) (Lolium perenne) (AY061889), 
Brachypodium (Bd) (Brachypodium distachyon) (lcl|Bradi3g36890.1 from brachybase.org), 
Arabidopsis (At) (Arabidopsis thaliana) (AT1G15950.1), poplar (Pt) (Populus trichocarpa) 



























    




































































Supplemental Figure 2: CCR1 gene family phylogeny in grasses. Unrooted dendogram of the 
encoded proteins of the CCR1 gene in maize (Zm) (Zea mays) (CAA66707.1), sorghum (Sb) 
(Sorghum bicolor) (XP_002445566.1), sugarcane (So) (Saccharum officinarum) (CAA13176.1), rice 
(Os) (Oryza sativa) (NP_001061909.1), barley (Hv) (Hordeum vulgare) (AAN71760.1), wheat (Ta) 
(Triticum aestivum) (ABE01883.1),  Lolium (Lp) (Lolium perenne) (AAL47182.1), switchgrass (Pv) 

(Panicum virgatum) (ACZ74580.1), Brachypodium (Bd) (Brachypodium distachyon) ( 
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1 Avant-propos. 
Dans ce chapitre, je présente sous forme d’article rédigé en anglais, les données 
obtenues lors de la comparaison de lignées de maïs à digestibilité très contrastée afin de 
déterminer les facteurs clés pouvant déterminer la digestibilité.  
Les objectifs principaux de ce travail étaient  
- d’identifier les caractéristiques histologiques différentiant une lignée de bonne 
digestibilité d’une lignée de mauvaise digestibilité. 
- mettre au point la microdissection laser afin de déterminer la composition/structure 
des parois des différents types cellulaires lignifiées 
- de déterminer le type de tissu le plus récalcitrant à une digestion enzymatique in 
vitro.  
Cette partie de mon travail  sera très prochainement soumis à New Phytologist.









Avec l’intérêt croissant pour le biocarburant, la synthèse et la dégradation de la paroi 
cellulaire des graminées est devenue la cible de nombreuses recherches biotechnologiques. 
Dans le but de déterminer les principaux facteurs influençant la digestibilité, nous avons 
utilisé une combinaison d’approches afin d’étudier deux lignées de digestibilité très 
contrastées (Cm484 et F98902)  
Ainsi nous avons montré que la lignée de mauvaise digestibilité, F98902, se 
caractérisait par une proportion élevée d’unités S. Par contre, Cm484, la lignée de bonne 
digestibilité, avait une faible teneur en lignine et un pourcentage élevé d’unités H. Par ailleurs, 
l’observation de sections d’entrenœuds de ces deux lignées a permis de mettre en évidence 
que Cm484 avait un grand nombre de faisceaux vasculaires entourés de quelques assises 
cellulaire de sclérenchyme dont la lignification était retardée par rapport à F98902. Au 
contraire, chez F98902, les faisceaux vasculaires sont peu nombreux mais de taille 
importante, en raison d’une forte proportion de sclérenchyme périvasculaire. 
En conclusion, les résultats obtenus suggèrent l’importance de la proportion de tissus 
lignifiés et le « timing » de lignification du sclérenchyme comme facteurs déterminant la 
dégradabilité du maïs fourrage et peuvent être des facteurs clés lors de la sélection variétale.  









1/ research conducted 
With a growing interest in biofuel, understanding cell wall synthesis and degradation 
in grasses has become a major focus in plant biotechnology research. As cell wall structure 
and composition are highly variable within a given species we combined various approaches 
to study two maize lines with highly contrasted digestibility in order to determine the major 
factors affecting cell wall degradability at the cellular level.  
 
2/methods 
At plant level, lignin and carbohydrates were analyzed, tissue types proportion in the 
internode was determined, in vitro stem section degradation was evaluated and comparative 
transcript profiling of elongationg internode, was performed. At cellular level, FTIR and LCM 
were developed.  
 
3/ key results 
F98902, the less digestible line, had the highest lignin content and was enriched in S 
units. This was due to a large quantity of sclerenchyma embedding vascular bundles which 
contains high proportion of S units.  Cm484 the more digestible line, was characterized by a 
low lignin content and a high proportion of H units.  It contains a lower proportion of lignified 
tissue, with a high number of small vascular bundles embedded in sclerenchyma with thin 
walls. Compared to F98902 the lignification of sclerenchyma was delayed in Cm484.  
 
4/ main conclusion- key points of discussion 
All the results suggested that lignified tissues proportion and the timing of lignification 
in sclerenchyma are two important factors affecting the degradability of maize forage which 
can be considered as the key parameters for selecting varieties.   








Understanding why a given maize line is more or less digestible at the whole plant 
level is difficult due to the multiplicity of lignified cell types; each possesses a specific wall 
structure and physiological function. Generally, cell wall chemistry is performed on ground 
mixture of different cell types and consequently the data obtained reflect only averaged values 
of each compound, regardless of the cell type. Research relating the anatomical traits of 
grasses to digestibility at cellular level has been reported for some forages such sorghum 
(Wilson et al., 1993), barley (Goto et al., 1991) switchgrass (Twidell et al., 1990) and maize 
(Engels and Schuurmans., 1992). For example, Cherney et al., 1990, investigating the forage 
quality of barley and oat (Avena sativa L.) staws, reported that the differences in the 
percentage of lignified area in stems between the plants was associated with differences in 
their in vitro dry matter degradability. Further studies on the relationship between anatomy 
and digestibility of sorghum allow us to find interactions between the number and thickness 
of lignified epidermis, sclerenchyma and vascular bundle cells (Wilson, 1993). More recently, 
in maize, Boon et al., 2005 and Méchin et al., 2005 established correlation between cells 
lignified area and digestibility. 
 Although, these earlier studies are of great interest, it is possible to revisit these 
correlative studies with recently developed technologies that allow probing cell wall 
chemistry at tissue and/or cellular level. Immunolocalization of cell-type-specific cell wall 
composition and structure with wall-specific antibodies is now a powerful and common 
technique employed in the field of cell wall research (Knox, 2008). For example, in maize the 
distribution of H, G, S lignin in primary and secondary cell walls has been performed using 
immunological probes in coleoptiles (Musel et al., 1997) and in internodes (Joseleau and Ruel 
1997, Tamasloukht et al., 2011). Differences in chemical composition and cross-linking of 
different components in the wall can be determined by FTIR spectroscopy (Séné et al. 1994). 
Thus, this technology has been described has a powerful tool to perform high through-put 
screening of maize cell wall mutant by McCann et al., 2007.  Even, if FTIR is now more 
sophisticated (Gorzsás et al., 2011) it doesn’t give complete information on cell wall content 
of a given compound.  
In the last decade, laser capture microdissection (LCM) has been used to obtain cell 
type specific data in plant (Kerk et al., 2003). Frequently employed to obtain gene expression 






data (Ohtsu et al., 2007) it has also been successfully used to perform proteomic analyses in 
maize pericycle (Dembinsky et al., 2007) and microanalysis of carbohydrates and lignin 
components in Arabidopsis (Angeles et al., 2006; Ruel et al., 2009). In 2003, Nakazano et al., 
reported for the first time in maize a protocol to isolate lignified tissues, epidermal cells and 
vascular tissues and perform a global analysis of gene expression in specific plant cell types. 
Later, in Alfalfa, Nakashima et al., 2008 developed a procedure coupling cryodissection and 
PALM technology to separate vascular elements, phloem fibers, and vascular parenchyma. 
The same PALM technology has been also applied by Ruel et al., 2009 in Arabidopsis to 
study lignin composition of vascular bundles and interfascicular fibers in wild-type and ccr1- 
mutant. 
Large variations for phenolic content and digestibility have been shown between 
inbred lines, however a clear correlation between all the parameters conditioning digestibility 
property have not been established. We focus our study on two lines, Cm484 and F98902 
because they exhibited much contrasted digestibility. The purpose of this investigation is to 
explain why the two lines have such contrasting digestibility. To do that, we used a 
combination of state of the art techniques to address this at the cellular level. These studies 
underline that F98902 is characterized by a large proportion of lignified tissues, a low number 
of large vascular bundles, and lignification seems more advanced in sclerenchyma cell walls 
compared to Cm484. In contrary, Cm484 a lower proportion of lignified tissue, with a high 
number of small vascular bundles embedded in sclerenchyma with thin walls. Thus, the 
compilation of all parameters examined allows us to define the best profile of a maize line to 
be a good candidate for digestibility. 
 








Cm484 and F98902: two maize lines contrasted for digestibility properties and 
lignin content/structure.  
In collaboration with the Association Interprofessionnelle du Développement des 
Semences du Sud-Ouest, France (ASSEDI-SO), Cm484 and F98902 were selected for study, 
among a panel of maize line based on preliminary data indicating good and poor digestibility 
respectively. Agrophysiological traits for the two lines grown under greenhouse conditions 
were first characterized (Table 1). Cm484 was significantly shorter 46cm than F98902. This 
difference in height was mainly due to a difference in internode number (15 in F98902 and 11 
in Cm484) rather than internode length. The diameter of the internode directly under ear 
(INE) was the same in both lines. Elsewhere, Cm484 flowered 15 days earlier than F98902. 
Cell wall analysis was carried out at two developmental stages: 7-leaf and flowering 
(Table 2).  At 7-leaf stage, lignin content and structure as well as digestibility were not 
significantly different between the two lines. At flowering stage, as expected, Cm484 was 
significantly more digestible than F98902. Concomitantly, lignin content of Cm484 line was 3 
percentage points lower than in F98902. Thioacidolysis analysis revealed that Cm484 was 
characterized by a higher amount of H units at both stages of development. At flowering, 
F98902 lignin contained more S units compared to Cm484. Finally, despite reports that ferulic 
acid is a major factor in determining digestibility (Jung and Allen, 1995), its content was not 
significantly different between the two lines at both developmental stages (data not shown). 
Cell wall monosaccharide content sugars were analyzed by acid hydrolysis (Supplemental 
data Table S1). The content of major sugars content (xylose, glucose, arabinose and 
galactose) was not different in the two lines at both developmental stages. In both lines, 
arabinose and galactose content were less abundant in older plants. 
 
Temporal regulation of lignification and cell type patterning can be distinguished 
in internodes of Cm484 and F98902.  
Lignification is spatiotemporally regulated in maize both at the whole plant level and 
within each internode (Scobie at al., 1993; Guillaumie et al., 2007). At the whole plant level, 
the younger internodes are located in the upper portion of the plant and older internodes at the 
base. However, within a given internode the developmentally oldest cells are located at the 






top of internode whereas the youngest cells are located at the base. Lignin profiles were 
compared in phloroglucinol-stained cross sections, of the upper and lower portions of the 
basal internode just above the soil (INS) and the internode under the ear (INE) in Cm484 and 
F98902 at flowering and one month after flowering (Figures 1 and 2). At the flowering stage, 
in the upper part of INE, xylem vessels, subepidermal and perivascular sclerenchyma in 
addition to some patches of lignified parenchyma between peripheral bundles were stained 
red in both lines (Figures 1 A, B). In the lower portion of INE of both lines, only xylem 
vessels, sub epidermal sclerenchyma and 1 to 3 perivascular sclerenchyma cell layers just 
near xylem vessels were reactive with phloroglucinol. (Figure1 C, D). One month later, in the 
upper portion of INE, the pattern of lignified tissues of both line was the same as at flowering 
stage but the lignification was more extended (Figure 1 E, F). On contrary, a striking 
difference was observed between F98902 and Cm484 in the lower part of INE (Figure 1 G, 
H). Perivascular sclerenchyma was strongly stained in F98902 whereas in Cm484 only weak 
staining was observed (Figure 1 G, H). Thus, comparative observations of INE sections 
between the two lines revealed that the lignification timing of peripheral sclerenchyma was 
delayed in Cm484 compared to F98902. Moreover, examination of upper and lower portion of 
INS, at flowering stage, revealed that not only xylem vessels, perivascular and sub epidermal 
sclerenchyma, but also the parenchyma between peripheral vascular bundles was also stained 
red in both lines. One month later, similar pattern of lignification was observed. In 
conclusion, observations of INS sections indicates that at flowering stage the lignification of 
different cell types both in the upper and lower section of INS was finished in both lines.  
However, a closer examination of the sections in Figure 2 revealed different 
proportions of lignified and non lignified tissues in Cm484 vs F98902 lines.  In order to 
quantify these differences, we measured the relative surface areas of the different cell types in 
the basal part of INS (Figure 3). The proportion of lignified cell types in F98902 is 
significantly higher than in Cm484 (51% vs 30% respectively). This is essentially due to a 
larger surface of lignified rind parenchyma and peripheral vascular bundles in F98902. Even 
if the total surface area of peripheral vascular bundles is higher in F98902, they are less than 
in Cm484 (0.9/mm2 vs 1.6/mm2). This prompted us to examine the size distribution of 
peripheral vascular bundles in the two lines. Figure 4 A indicates that in Cm484, 95% of 
vascular bundles were smaller than 100 000 µm2. In F98902, the size of peripheral vascular 
bundles was more variable, with a tendency towards larger bundles (≤ 300 000 µm2). A focus 






on perivascular sclerenchyma including measurements of cell density (number per unit area)  
as well as cell-wall thickness and cell wall proportion per unit area were than evaluated (Table 
3). The cell wall thickness of peripheral sclerenchyma was not significantly different between 
Cm484 and F98902 but the number of cell per unit area was significantly higher in F98902 
than in Cm484 (246 vs 180). As consequences, the cell wall proportion per unit area was 
higher in F98902 than in Cm484 (0.57% vs 0.33%).  
 
in situ cell wall degradability of internodes revealed better fragmentation of 
Cm484 tissue compared to F98902  
At the whole plant level, cell wall chemistry indicated clear differences in cell wall 
composition and digestibility between the two lines. In an attempt to define mechanisms that 
dictate digestibility at the cellular level, we first performed in situ cell wall digestion assays of 
INS at the flowering stage. The methodology was inspired by a previously published in vitro 
digestibility  protocol . INS sections from both lines were treated with Celluclast enzymes and 
undigested residual material was observed between 0 and 72 h (Figure 5). After 24 h, no 
difference between the two lines could be observed in that the pith parenchyma tissue was 
detached from the peripheral rind and some of the internal vascular bundles were dissociated 
from the pith parenchyma (Figures 5 C, D). At 48h whereas the peripheral rind of Cm484 was 
already fragmented, the rind of F98902 remained intact (Figures 5 E, F). At 72h, the 
degradation of Cm484 parenchyma was nearly complete to the point where only portions of 
the epidermis including subepidermal sclerenchyma layers and some vascular bundles were 
left undigested whereas the peripheral rind of F98902 remained largely intact (Figures 5 G, 
H). These results indicated a greater fragmentation of tissue in Cm484 do to enhance wall 
degrading enzyme accessibility. 
 
FTIR of lignified cell types point to an increase in lignin content in perivascular 
sclerenchyma of   F98902. 
 Fourier transform infrared (FTIR) microspectroscopy was used to assess wall 
chemistry of the different lignified cell types (parenchyma, perivascular and subepidermal 
sclerenchyma) in the basal portion of Cm484 and F98902 (Figure 6). The first observation 
was that cell wall spectra vary between different cell types. For example, the surface of all 
peaks between 1740 cm–1and 1604 cm–1 which covers lignin absorbance, were significantly 






higher in perivascular and subepidermal sclerenchyma cell walls as compared to parenchyma 
cell walls. On the contrary, parenchyma cell walls contains proportionally higher amount of 
carbohydrates, mainly xylans (wave number 1045 cm–1). Each cell type was then compared in 
Cm484 vs F98902. Although there were not qualitative spectral differences, perivascular 
sclerenchyma contained more lignin and less xylans in F98902 as compared to Cm484 
(Figure 6 B). Finally, FTIR profiles of sub epidermal sclerenchyma in Cm484 and F98902 
were nearly identical (Figure 6C).  
 
LCM reveals differences in lignin composition in Cm484 vs F98902 uniquely in 
perivascular sclerenchyma.  
To determine lignin composition at the cellular level, thioacidolysis was performed on 
LCM-dissected tissues from INE at flowering stage. As indicated in Figure 7 tissues were 
dissected in the following steps: 1/ epidermis and subepidermal sclerenchyma 2/ vascular 
bundles including perivascular sclerenchyma 3/ lignified parenchyma between the bundles. 
One of the most striking features is the variation in the relative proportion of H, G and S 
between the three cell types analysed (Table 4). In both lines, epidermal layers including 
subepidermal sclerenchyma were characterized by a high G unit content whereas in lignified 
parenchyma cell walls, H units were undetectable.  When comparing Cm484 and F98902, the 
main differences were observed in perivascular sclerenchyma. In Cm484 line, a relative high 
H unit and lower S unit content was observed. These results are in agreement with 
thioacydolysis analysis performed at whole plant level (Table 2) indicating also higher 
content of H unit in Cm484 line and higher S unit in F98902.  In conclusion, these results 
suggest that lignin composition of perivascular sclerenchyma strongly influence the global 
lignin composition.    
 
Global expression profile highlights higher flux of shikimate and phenypropanoid 
pathway in F98902 line.  
To understand at molecular level the differences in lignification and patterning 
observed between Cm484 and F98902 lines we performed transcriptomic analysis using the 
18K Affymetrix Maize Genome Array with RNAs extracted from INE at flowering stage. 
2496 were differentially expressed, 1183 down -regulated and 1313 up regulated in Cm484, 
766 with no hits, 210 with unknown function and 1520 annotated. A selection of some classes 






of genes related to phenylpropanoid and cell wall formation is presented in table 
(Supplemental Tables 2 and 3) and the full list of differentially expressed genes is available 
with GO number.  
Examination of phenylpropanoid metabolism (Figure 8 and Supplemental Table 2) 
allows us to find that genes involved in shikimate pathway or in lignin/lignan and 
flavonoids/anthocyans branchs were differentially expressed between the two lines. Thus in 
lignifying INE we observed that chorismate synthase, Tyrosine ammonia lyase, HCT, C3H 
and CCoAOMT1 were more expressed in F98902 compared to Cm484. In similar manner, 
CHI, and DFR leading to anthocyanin were also more expressed in F98902. At the same time, 
FLS and TT7 involved in flavonoids biosynthesis, and PLR a key enzyme of lignans synthesis 
were less expressed. Interestingly, all of these genes except TAL and HCT were also up 
regulated in F98902 at younger plant developmental stage (data not shown).  
 
Cytoskeleton and cell wall 
52 genes related to cytoskeleton and cell wall structure were differentially expressed 
between Cm484 and F98902. Among them, expansin proteins and peroxidase are particularly 
represented (Supplemental Table 3). 6 of them are down-regulated in F98902. Expansin 
proteins are known to have cell wall loosening activity and to be involved in cell expansion 
and other developmental events during which cell wall modification occurs (Sampedro and 
Cosgrove 2005). At last, we found 5 AGP protein differentially expressed between the two 
lines.  3 of them belong to the fasciclin-like family. Recently (Mac Millan et al., 2010), it has 
been shown that protein plays a role in cellulose deposition and integrity of the cell wall 
matrix. At flowering stage, 56 genes were differentially expressed, with 42 down-regulated in 
Cm484. Among them, 8 expansins,5 AGP (see the same or not), 7 peroxydases were founded. 
Many genes involved in tubulin formation and assembly such, tub3 or AtMAP 70-2 were 
downregulated in Cm484.    
 








Digestibility is a complex trait which has been largely explored in the past at whole 
plant level. In this study, we used a panel of morphological, anatomical, chemical and 
enzymatic techniques to obtain a complete view of the different factors involved in the 
differences in stem digestibility between two contrasting forage maize lines, Cm484 and 
F98902. The first one is known for its relatively high digestibility, the second one for its 
relatively low digestibility. Thus we demonstrated that the spatial organization of different 
cell types, the strength and extent of cell–cell adhesion and the spatial distribution of lignin 
are major contributory factors in determining digestibility. From this study, we could 
hypothesize that a candidate line for good digestibility should have a high number of vascular 
bundles surrounded by a small proportion of sclerenchyma thus keeping cell wall juvenile 
characteristics. Thus, this is to our knowledge, the first study which provides an anatomical 
and biochemical profile for further research in digestibility improvement. 
 
1/ Correlation between stem anatomy and digestibility  
A challenge in maize forage breeding is to generate lines with high biomass 
digestibility without compromising resistance to lodging. For these two agronomical traits, 
stem anatomy is a critical factor. Stem anatomy and lignin content have been previously 
shown to be closely related to lodging properties in maize (Sood and Khajuria, 2006), wheat 
(Wang et al., 2006), barley (Dunn et al., 1989) and pea (Banniza et al., 2005). For example, 
some studies showed that the number of vascular bundles is a distinguishing characteristic for 
different types of wheat and barley and that nonlodging types could be selected with 
reasonable success by choosing plants with greater numbers of vascular bundles. In maize, 
resistant lines for lodging were characterized by strong stalk with thick layers of deeply 
stained sclerenchyma, both around the vascular elements and in the subepidermis, (Sood and 
Khajuria, 2006). In a similar way, correlations have been founded between digestibility 
properties and anatomical parameters of the stem in sorghum (Wilson, 1993) and maize 
(Méchin et al., 2005; Boon et al., 2005). Thus, by combining histological studies and 
biochemical data, on 22 maize lines, Méchin et al., 2005 find a correlation between lignified 
area and lignin Klason content. However, this correlation was not very high with digestibility 
of the stem indicating that this parameter did not strictly mirror that of the whole stem.  In this 






paper, we also measured the lignified area of the two contrasted lines selected, but we also 
took into account the distribution of the different lignified cell types (parenchyma, vascular 
bundles, sclerenchyma under epidermis and around vascular bundles) as well as the density 
and the thickness of sclerenchyma cell walls. As expected, and in agreement with Méchin et 
al., 2005, we found that F98902, the low digestibility line, contained a high proportion of 
lignified tissue, whereas Cm484 characterized by a good digestibility was less lignified. 
However, a closer examination of the different cell types which account for the lignified area 
revealed that F98902 had few vascular bundles with a great proportion of sclerenchyma 
around them whereas Cm484 had numerous vascular bundles surrounded by less 
sclerenchyma around them and less lignified parenchyma. These observations suggested that 
the surface area of sclerenchyma embedding vascular bundles should be taken in 
consideration as an important factor conditioning the internode digestibility.  
 
2/ Internode digestibility is related to enzymes accessibility toward vascular 
bundles  
Different approaches have been reported in the literature to establish the relation 
anatomy-digestibility. Digestibility on isolated tissues or tissues sections has been reported on 
tropical grasses (Akin and Burdick 1975; Wilson, 1993). Concomitantly, different methods 
were used to perform degradation (in vitro degradation by rumen microorganisms or in vitro 
enzymatic degradation) and different technologies have been developed to evaluate the degree 
of digestibility such scanning electron micrography (Akin and Burdick (1975). In this paper, 
we incubated internodes sections of Cm484 and F98902 lines with Celluclast enzymes, and 
we observed the evolution of tissues with binocular during 72h. Quickly, we observed a 
detachment of vascular bundles located in the pith of both lines. The cell layer around 
vascular bundles corresponding to bundle sheath (Supplemental Figure 2) was completely 
degraded and the starch was released in the medium. The fact that breakdown arrived in the 
cell containing starch remains unexplained.  Later, the rind of sections was separated from the 
pith in one piece in F98902 line whereas it was recouped in small pieces in Cm484. At the 
end of incubation time, the rind including vascular bundles was intact in F98902 whereas in 
Cm484 vascular bundles were visible as small aggregates linked to some parenchyma or 
epidermal lignified cells. Similar pattern of internodes desegregation between two maize lines 
contrasted for digestibility was observed by Boon et al., 2008 when cross sections of 






internodes were fermented in buffered rumen fluid. It appeared that the density of strongly 
lignified cell wall per surface unit is higher in F98902 compared to Cm484 with large surface 
occupied by sclerenchyma and limited surface of parenchyma between them. Such 
configuration limits the fragmentation of tissues in small pieces. Thus, the fragmentation 
process has been studied at whole plant level but it appeared that this parameter is also 
important at cellular level as a first step in the degradation process.  
 
3/ Each lignified cell type exhibited a specific chemical composition and 
sclerenchyma cell walls differ between Cm484 and F98902 line. 
In maize, different cell types have walls which differ in structure and composition. For 
example, the parenchymatous cells between the peripheral vascular bundles become 
progressively lignified without any notable increase in the thickness of their walls whereas the 
walls of sclerenchyma cells under the epidermis and surrounding vascular bundles increase in 
thickness five- to 10 -fold as additional secondary wall is laid down on the luminal side of the 
primary wall (Lopez et al., 1993). There are now several technologies available to study each 
cell type independently. Isolation of different cell types have been already described in the 
past with mainly mechanical (physical) methods leading usually to separate a thin-walled 
from a thick-walled cell fractions (Grabber and Jung, 1991). LCM has been applied with 
success to separate lignified cells in maize coleoptile (Nakazano et al., 2003), in alfalfa 
(Nakashima et al., 2008) and in Arabidopsis (Ruel et al., 2009). In this paper, we used the 
LCM technologies with a double objective i: examine the lignin composition of lignified cell 
types in maize internode, ii: compare each cell type in the two contrasted lines. Thioacidolysis 
analysis indicated significant differences in lignin composition between the three cell types 
analysed. In both line, the sub-epidermal cell layers were particularly rich in G units resulting 
in an S/G ratio of 0.16. On the contrary, vascular bundles comprising xylem elements and 
sclerenchyma contain all the three units in varying proportion according the line examined. 
For lignified parenchyma between the vascular bundle, the most conspicuous feature was an 
absence (or a very low level) of H units. This result is in agreement with previous data, 
showing a poor labelling of H unit using antibodies, in parenchyma cell walls located in the 
basal portion of internode and a higher labelling in sclerenchyma cell around vascular bundles 
(Joseleau and Ruel., 1997; Tamasloukh et al., 2011). When comparing Cm484 and F98902 
lines tissue-by-tissue, only the vascular bundles were different between the two lines.  H units 






were detected in greater amount in Cm484 whereas S units were more abundant in F98902. H 
units are considered to be the first to be laid down followed by G and S units. The fact that 
there are more H unit in Cm484 suggests that this line maintains juvenile cell wall 
composition. Taken together these results suggested that the extent to which minor variation 
in the chemistry of specific cell walls found in the same tissues of different line can contribute 
to differences in degradability is probably related to spatio temporal synthesis of H, G and S 
unit in different cell types. 
 
4/ HCT –C3H – CCoAOMT1 direct carbon flux toward G/S unit synthesis.  
In relation with lignin and secondary cell wall formation, in the less digestible F98902, 
line, the two first enzymes of the shikimate pathway, the shikimate kinase and the chorismate 
synthase are more highly expressed (Figure 8). These two enzymes orient the carbon flux 
toward the phenylpropanoid pathway. In cascade, we observed an up-regulation of genes 
involved in the lignin pathway, such, TAL, HCT, C3H and CCoAOMT1 and genes involved 
in anthocyanins pathways such as CHI, and DFR. In contrary, FLS and TT7 involved in 
flavones and PLR involved in lignans synthsesis were downregulated. Previously, we showed 
that CCoAOMT1 in maize was preferentially expressed in young internodes (7 leaves) and in 
INE (Guillaumie et al., 2007). Recently it has been shown that polymorphisms on this gene 
were associated with stover cell wall digestibility in maize (Brenner et al., 2010). HCT2 
(contig n° 2619423.2.1) is expressed at relatively low levels in all young organs and 
throughout internode development whereas HCT1 (contig n° 2478084.2.1) is highly 
expressed with C3H in INE (Guillaumie et al., 2007). Interestingly, these genes were already 
differentially expressed in the two lines at young stage of plant development. The 
concomitant up regulation of genes coding for the entry point of shikimate and 
phenylpropanoid pathway suggest an important flux of carbon toward cell wall formation. 
This could be related to the fact that we observed the differential expression of many genes 
involved in carbohydrates metabolism with an up regulation of starch synthesis and 











The best profile to candidate for good digestibility – Some ways for breeders. 
Although plant breeders are showing an increasing interest in improving cell wall 
degradability for agroindustrial applications, it is difficult to select for enhanced degradability 
due to the limitation of suitable quantifiable indices which can be used to predict quality. 
Indeed, cell-wall degradability of plant material may arise because of variations at a 
morphological level involving changes at an anatomical level involving variations in the area 
occupied by various cell types, and involving at a molecular level differences in the 
composition and molecular architecture of individual cell walls.  Our results suggest that a 
good candidate for breeder should have a profile similar to Cm484: many vascular bundles 
with small proportion of sclerenchyma embedding them, and cell walls with ‘juvenile’ 
properties. Thus, image analysis, though far from ideal as a screening tool, appears to provide 
numerical data capable of discerning anatomical variation between closely related cultivars, 
which was associated with differences in digestibility of the cell-wall fraction. In that way it 
will be interesting to perform  imagery screening of maize populations to establish ‘clusters’ 
of tissue patterning types in relation to cell wall degradability. Such approaches could be 
applied to detect QTL of tissues proportion, vascular bundles numbers. Thus, anatomical 
studies should prove useful to the corn breeder as an aid in selecting the best lines and 
transcript profiling could point to gene which could be targeted in SNP program. Today, 
research include new areas of investigations in order to discover the molecular programs 
associated with each lignified cell type and to research regulatory genes which control the 
patterning of lignifying tissue or sclerenchyma formation in maize .  
 






8 Materials and methods 
 
Plant material 
Plant growth conditions  
Plants were grown in greenhouse conditions and harvested at 7th leaf stage, flowering 
stage and one month later. For the 7th leaf stage, six plants were harvested and two batches of 
three stacked internodes were done. As for the flowering stage, the 5th internode of six 
randomly chosen plants was taken and they were divided in two batches of three internodes 
for the biochemical trait analysis.  
 
Lignin Cell wall analysis 
Whole plants at the flowering stage were lyophilized at harvest and ground to a fine 
powder. Lignin analyses was performed on extract-free cell wall residue (CWR). The lignin 
content was estimated by the Klason procedure (Whitting et al., 1981). The lignin monomeric 
composition was determined by thioacidolysis followed by GC-MS of lignin-derived 
monomer TMS derivatives (Lapierre et al., 1986). The determination of p-hydroxycinnamic 
esters linked to lignin was performed by mild alkaline hydrolysis according to Jacquet et al. 
(1995). 
 
Carbohydrates cell wall analysis  
 Neutral sugars were quantified by HPAEC-PAD analysis using the NREL protocol. 
Briefly 10mg of Dry matter were incubated in 12M sulphuric acid for 1 hour at 30°C then 
sample were diluted in 4% sulphuric acid and hydrolysed during one hour at 120°C. All 
samples were cooled diluted and filtered (PTFE, 0.22 lm) before injection on CarboPac PA-1 
column (4 x 250 mm, Dionex). Elution of monosaccharides was obtained with a NaOH–
sodium acetate gradient as previously described (Beaugrand et al., 2004). Analytical grade 
standards of L-arabinose, D-galactose, Dglucose, and D-xylose were used to quantify the 
concentration of sugars. 
 
Histological stains for lignin 
Sections of 130µm thick of fixed material (ethanol 70%) were made with a vibratome 
(LEICA VT 1000S). Phloroglucinol-HCL reactions were performed, during 30seconds on 






internode sections of maize plants at flowering stage and one month after flowering stage on 
the first internode and 5th internode. Light-field pictures were realised using a LEICA 
DMIRBE. 
 
Cell surface measurement 
The measurements of lignified and non lignified tissues were carried out on the first 
internode of three randomly chosen plants for each genotype. Using a vibratome, sections 
130µm thick were realized from two parts of the internode representing each about 1/8th of the 
cross section of the internode. The phloroglucinol-HCl staining was done during 30 seconds 
and the different sections were scanned. The measurement of the surface area of each cell 
type as well as the surface area of the section were realized by the Image Pro Plus software. 
The number of vascular bundles was counted by using the same software. For the different 
calculations, we consider that the mean of the six sections for one line is representative of the 
line. 
The proportion of the different cell types was calculated as a percentage of the total 
surface area of a given cell type to the surface area of the 1/8th section. 
The area of each cell type (mm²) is given by the mean surface area in the six sections. 
The surface area of one vascular bundle (mm²) was obtained by dividing the total 
surface area of vascular bundles in 1/8th section by the total number of vascular bundles in this 
section. 
Tne number of vascular bundles in a given surface area (1mm²) was obtained by 
dividing the number of vascular bundles in 1/8th section by its surface area. 
  
Enzymatic hydrolysis 
Enzymatic hydrolysis was carried out using the Cellulase from Trichoderma reesei 
ATCC 26921 (SIGMA-ALDRICH, C2730 [Celluclast is a registered trademark of 
Novozymes Corp], activity of 1.5l Celluclast 700 EGU/g (endo-glucanase units per gram)) at 
a dilution of 1/100. The enzyme was prepared in 500mM sodium acetate buffer at pH 5.0. The 
pH value was adjusted to pH 5.0 using acetic acid, if necessary. The hydrolysis was 
performed on 100µm thick cross-sections from the internode under ear at flowering stage of 
Cm484 and F98902. The cross-sections were placed in wells containing 1ml of the enzymatic 






solution and were placed in an incubator at 37°C. At designated time points 4h, 24h, 48h and 
72h, samples were removed from the incubator for observation. 
 
Affymetrix Array hybridization 
Hybridization experiments were done as described in Cossegal et al., 2008. All raw 
and normalized data are available through the CATdb database (AFFY_CCR_Maize, Gagnot 
et al, 2008) and from the Gene Expression Omnibus (GEO) repository at the National Center 




Sections of 14 µm thick were realized from paraffin-embedded INE at flowering stage. 
Infrared spectra were collected in the transmission mode, between 800 and 1800 cm-1 at 8 
cm-1 intervals, using a Magna-IR 550 spectrometer (Nicolet, Trappes, France) equipped with 
an IR-plan Advantage microscope(Spectra-Tech, Shelton,CT; _15 Reflachromat lens). The 
spectrometer was fitted with a high-sensitivity MCT detector. Ten spectra for each cell type 
were registered. Data treatment was realized according to Philippe et al., 2006. 
 
LCM 
The first step was to find a compromise between the thicker of sections and the 
number of dissection necessary to obtain the requisite amount of material. On the basis of 50-
70 µm thick sections, and taking into account the respective areas of a section occupied by the 
lignified epidermis, parenchyma and vascular bundles, as estimated in light microscopy, the 
number of sections to be subjected to LCM was calculated that should provide an amount of 
cell wall material (dry weight) from each cell type. This amount corresponded to the 
minimum quantity required for significant quantitative cell wall lignin or carbohydrate 
analysis. A major difficulty encountered during LCM sectioning was the particular resistance 
of the lignified middle lamellae that unit cells together through their primary walls. It was 
difficult to completely cut the middle lamellae, especially those of the lignified cells, to 
loosen the clumps of cells. Whereas only one passage of the laser beam around the unlignified 
parenchyma was enough, several (three to four) passages of the laser beam were sometimes 
necessary to clearly cut the delineated area of the lignified epidermis and vascular bundles to 






be released. In view of the downstream preparation of cell wall material from the different 
cell types separated and harvested by LCM, and to have enough material in hand for the 
subsequent quantitative lignin analysis, it was important to collect sufficient amounts of each 
kind of cell. After  optimizing the protocol (see Materials and Methods) to obtain sufficient 
material for subsequent biochemical analysis we keep the following parameters: cross 
sections were (50-70µm) (1/8 portion of internode sections) (3 portions) ; 4 mm² of cell 
surface, 4 to 6 passsages of UV beam, and IR beam to allow subsequent adhesion of tissue 
samples on caps.    
 






9 Figure legends 
 
Figure 1. Phloroglucinol-HCl staining of lignin in 100µm cross-sections from the 
internode under ear (A, B, C and D) and the internode above ground level (E, F, G and H) of 
Cm484 line (A, C, E and G) and F98902 line (B, D, F and H) at flowering stage. Plants come 
from greenhouse assays. E, epidermis, P, parenchyma and S, sclerenchyma. Magnification, 
x5, scale bars= 200µm (A, B, C and D) and x10, scale bars= 200µm (E, F, G and H). The red 
coloration reveals the presence of lignin.  
 
Figure 2. Phloroglucinol-HCl staining of lignin in 100µm cross-sections from the 
internode under ear (A, B, C and D) and the internode above ground level (E, F, G and H) of 
Cm484 line (A, C, E and G) and F98902 line (B, D, F and H) at one month after flowering 
stage. Plants come from greenhouse assays. E, epidermis, P, parenchyma and S, 
sclerenchyma. Magnification, x5, scale bars= 200µm (A, B, C and D) and x10, scale bars= 
200µm  (E, F, G and H). The red coloration reveals the presence of lignin. 
 
Figure 3. Proportion of different cell  types in Cm484 and F98902 internode. 
Cross-sections of 130µm were realized on a section representing about 1/8th (A) of the 
internode above soil level. The area of different types of tissues, indicated by the different 
colors,  was measured after phloroglucinol-HCl staining of the cross-sections. Three 
independent plants, at flowering stage, grown in greenhouse were taken for each line. Pies B 
and C show the proportion of each cell  type for Cm484 and F98902 respectively. The rind 
region, containing closely packed vascular bundles, is distinguished from the pith region, 
containing separated vascular bundles. 
 
Figure 4. Frequency distribution of vascular bundles in the internode above 
ground level in Cm484 and F98902 lines.  The number of vascular bundles in the rind 
region was counted on phloroglucinol-HCl stained cross-sections of 130µm coming from the 
internode above soil level of Cm484 (dark grey bars) and F98902 (light grey bars). The 









Figure 5.  Enzymatic degradation kinetics on 100µm cross-sections of Cm484 (A, C, 
E and G) and F98902 (B, D, F and H) from the internode under ear at flowering stage with 
Celluclast. The degradation was carried out at a temperature of 37°C on three independent 
internodes for each line.  Magnification, x2, scale bars: 2mm. 
 
Figure 6. FTIR spectra of three types of tissues in Cm484 and F98902. Peaks of 
interest , 1508cm-1, 1604cm-1 and 1740cm-1 representing lignins and 1045cm-1 representing 
xylans, are marked with arrows. The different tissues analysed are parenchyma (C), 
sclerenchyma around vascular bundles (D) and sub epidermal sclerenchyma (E), Cm484 line 
is represented by full lines and F98902 by dotted lines.  
 
Figure 7. Laser capture microdissection on maize (Zea mays) stem. Isolation of 
three types of tissues was carried out on 50µm cross-sections from the internode under ear at 
flowering stage. Cutting and removal of the epidermis (A) leaves vascular bundles and 
lignified parenchyma in the section (B). The following step is the dissection of vascular 
bundles (C)  leaving the lignified parenchyma (E) which is dissected in the last step (D). 
Laser capture microdissection was done on three independent plants grown in greenhouse for 
both Cm484 and F98902. 
 
Figure 8. Phenylpropanoid pathway showing up and down regulated genes in F98902 




















































Figure 4. Size distribution of peripheral vascular bundles in Cm484 and F98902 lines. 





























































Figure 8.  
 










Table 1: Agrophysiological traits of Cm484 and F98902 lines grown in greenhouse 
conditions. The mean values and standard deviations have been calculated from 
measurements on 15 plants. Assays have been performed during two successive years (2008-
2009). INE: internode under ear. Number of days to flowering is estimated as the number of 
days between sowing and male flowering stage when the tassel is fully emerged and at the 
beginning of pollen shed. 
 
Lines 












of days to 
flowering 
Cm484 136.9 ± 25.0 11 ± 1.5 14.3 ± 2.8 1.5 ± 0.4 60 
F98902 183.0 ± 13.3 15 ± 0.6 17.4 ± 2.7 1.6 ± 0.2 75 


















Relative frequency of 
Thioacidolysis Monomers 
H G S S/G 
  % % µmol/g KL Mol % 
Piled-up 
internodes 
at 7- leaf 
stage 
Cm484 62.67 8.48 415.34 4.65 52.58 42.77 0.81 






Cm484 30.12 13.91 710.93 4.09 41.25 54.66 1.32 
F98902 12.85 16.83 641.25 1.90 36.68 61.42 1.67 
 
Table 2. Lignin content and composition of Cm484 and F98902 internodes at two 
developmental stages. H, p-hydroxyphenyl; G, guaiacyl; S, syringyl. Internodes were 
collected from 6 plants, and pooled in 2 samples before analysis.  IVNDFD, in vitro neutral 















Cm484 180 1,61 ± 0,35 0,33 
F98902 246 1,75 ± 0,34 0,57 
 
Table 3. Characteristics of perivascular sclerenchyma.    









Relative frequency of Thioacidolysis 
Monomers 
S/G ratio 
H G S  
  Mol %  
 Epidermis 3.05 ± 0.28 83.74 ± 0.14 13.21 ± 0.33 0.16 ± 0.00 




7.37 ± 3.74 59.27 ± 1.94 33.36 ± 2.01 0.56 ± 0.02 
 Epidermis 3.82 ± 0.05 79.44 ± 0.31 16.74 ± 0.36 0.21 ± 0.01 




2.05 ± 0.84 56.11 ± 1.96 41.04 ± 2.74 0.75 ± 0.07 
 
 
Table 4.  Thioacidolysis analysis of micro dissected tissues from Cm484 and F98902 lines at 
the flowering stage. Epidermis contains epidermal layer and subepidermal sclerenchyma. 
Vascular bundles include conducting elements (xylem and phloem) and perivascular 
sclerenchyma. The total thioacidolysis yield was calculated as follows: the mean yield was 
divided by the volume of the sample. H, p-hydroxyphenyl; G, guaiacyl; S, syringyl. 
 











Supplementa1 Figure. 1 Calcofluor staining of cellulose (A – B) and Periodic acid Schiff 
staining of sugars (C and D) in 130µm thick cross-sections from the internode under ear of 
Cm484 line (A, and C) and F98902 line (B and D) at flowering stage. The bluish-white color 
reveals the presence of cellulose and the red-purple color reveals that of sugar. Magnification 














Supplementa1 Figure 2. Lugol staining of starch on 130µm thick cross-sections from the 
internode under ear of Cm484 line (A, C and E) and F98902 line (B, D and F) at flowering 
stage. Plants come from greenhouse assays. The bluish-black color reveals the presence of 
starch. Magnification for A and B x5, C and D x10 and E and F, x20, scale bars= 200µm. 














ARA GAL GLC XYL 
% 
Piled-up 
internodes at 7- 
leaf stage 
Cm484 6.75 ± 0.26 1.58 ± 0.09 59.45 ± 0.28 33.23 ± 1.34 
F98902 8.00 ± 0.55 2.70 ± 0.30 53.52 ± 1.35 35.78 ± 0.49 
Internodes under 
ear at flowering 
stage 
Cm484 3.47 ± 0.31 1.14 ± 0.04 59.73 ± 0.37 35.66 ± 0.01 
F98902 2.48 ± 0.25 1.08 ± 0.15 57.92 ± 0.11 38.53 ± 0.51 
 
Supplemental Table 1. Relative frequency of different sugar monomers recovered from acid 
hydrolysis of Cm484 and F98902 internodes at two developmental stages. Arabinose (ARA), 

















Gene Accession N° Log2 ratio Bonferonni 
Phenylpropanoid metabolism    
Down-regulated genes in F98902    
PRR1 (Pinoresinol Reductase 1) gb|AW400260 -9.04 0.00E+0 
FLS (Flavonol Synthase) gb|CO529883 -3.64 0.00E+0 
TT7 (Transparent testa 7; flavonoid 3'-monooxygenase) gb|AY072297.1 -2.70 0.00E+0 
HCT (Hydroxycinnamoyl-CoA Shikimate/Quinate Hycroxycinnamoyl Transferase) gb|CO527117 -1.60 4.26E-8 
Shikimate kinase putative gb|CF627734 -1.39 1.81E-5 
Cinnamoyl-CoA reductase family (469578.2.1) gb|BM079371 -1.13 1.42E-2 
Up-regulated genes in F98902    
Tyrosine decarboxylase, putative gb|CA452744 2.68 0.00E+00 
DFR Dihydroflavonol-4- reductase gb|BM073419 2.28 0.00E+00 
p-coumarate 3-hydroxylase CYP98A3 gb|CO527025 1.92 0.00E+00 
DFR Dihydroflavonol-4- reductase gb|CA398521 1.76 1.91E-10 
Shikimate kinase-related gb|BM381326 1.66 5.34E-09 
CCoAOMT1 (Caffeoyl-CoA 3-O-methyltransferase) gb|AI691472 1.55 2.12E-07 
CHI Chalcone-flavanone isomerase-related gb|CD437816 1.38 2.55E-05 
DFR Dihydroflavonol-4- reductase gb|BM380456 1.35 6.24E-05 
Shikimate kinase family protein gb|AY105920.1 1.32 1.17E-04 
Chorismate synthase gb|AY105171.1 1.26 6.39E-04 
HCT (Hydroxycinnamoyl-CoA Shikimate/Quinate Hycroxycinnamoyl Transferase) gb|CF045093 1.21 2.17E-03 
 
Supplemental Table 2: Differential expression of genes involved in phenylpropanoid 
metabolism between Cm484 and F98902 lines. Experiments were performed with RNA 










Gene Accession N° Log2 ratio Bonferroni 
Cytoskeleton and cell wall    
Down-regulated genes in F98902    
AtEXPB4 (Arabidopsis thaliana Expansin B4) gb|BG874179 -9.42 0.00E+0 
AtEXPB2 (Arabidopsis thaliana Expansin B2) gb|AF332180.1 -6.68 0.00E+0 
AtEXPB2 (Arabidopsis thaliana Expansin B2) gb|AA072435 -4.89 0.00E+0 
AtEXPB2 (Arabidopsis thaliana Expansin B2) gb|AF332179.1 -4.60 0.00E+0 
AtEXPA1 (Arabidopsis thaliana Expansin A1) gb|AF332173.1 -2.14 0.00E+0 
AtEXLA1 (Arabidopsis thaliana Expansin -Like A1) gb|CK826981 -2.32 0.00E+0 
AtEXPA1 (Arabidopsis thaliana Expansin A1) gb|AI691791 -1.51 5.97E-7 
    
peroxidase 12 gb|BM380872 -6.20 0.00E+0 
peroxidase 12 gb|BQ539474 -5.75 0.00E+0 
peroxidase, putative gb|BG874182 -1.87 3.82E-12 
peroxidase, putative gb|BM379683 -1.79 7.26E-11 
peroxidase, putative gb|CO525387 -1.62 2.25E-8 
peroxidase, putative gb|CF349172 -4.12 0.00E+0 
peroxidase, putative gb|CD998947 -3.38 0.00E+0 
peroxidase, putative gb|BG842199 -1.50 8.62E-7 
peroxidase, putative gb|BM381423 -2.24 0.00E+0 
AtMAP70-2 (Microtubule-Associated Proteins 70-2) gb|BE639569 -4.16 0.00E+0 
    
FLA6 (Fasciclin-Like Arabinogalactan 6) gb|BM335982 -3.31 0.00E+0 
FLA10 gb|CA403262 -2.23 0.00E+0 
FLA11 gb|BG840766 -1.89 0.00E+0 
FLA2 (Fasciclin-Like Arabinogalactan 2) gb|AY105514.1 -1.57 1.09E-7 
AGP16 (Arabinogalactan Protein 16) gb|CF624263 -1.95 0.00E+0 
    
leucine-rich repeat family protein / extensin family protein gb|AW574495 -3.20 0.00E+0 
leucine-rich repeat family protein / extensin family protein gb|CO532665 -3.17 0.00E+0 
    
AtARP8 (Actin-Related Protein 8) gb|BM267487 -3.08 0.00E+0 
AtMAP65-1 (Microtubule-Associated Proteins 65-1) gb|AI738324 -2.67 0.00E+0 
AtMAP65-1 (Microtubule-Associated Proteins 65-1) gb|CF017148 -2.10 0.00E+0 
MAP65-8 (Microtubule-Associated Protein 65-8) gb|AI586627 -1.61 3.49E-8 
AtVLN3 (Villin 3) gb|AI987269 -2.04 0.00E+0 
TUB8 gb|L10635.1 -2.03 0.00E+0 
TUB3 gb|AY105255.1 -1.88 3.82E-12 
TUA6 gb|CF062633 -1.87 3.82E-12 
Kinesin motor family protein gb|CD970321 -1.34 7.72E-5 
Tubulin family protein gb|BG842332 -1.34 7.78E-5 
AtK5 (Arabidopsis thaliana Kinesin 5) gb|AI621941 -1.33 1.09E-4 
Kinesin motor protein-related gb|CD975420 -1.19 2.87E-3 
    
Proline-rich family protein gb|AW065430 -1.39 2.03E-5 
Hydroxyproline-rich glycoprotein family protein gb|BM079107 -1.38 2.83E-5 






Up-regulated genes in F98902    
AKR2 (Ankyrin Repeat-Containing Protein 2) gb|CO523210 1.26 5.71E-4 
TUB6 (Beta-6 Tubulin) gb|BM416702 1.26 5.26E-4 
ATP binding/microtubule motor gb|CK370643 1.27 4.65E-4 
Kinesin motor protein-related gb|CA404534 1.32 1.30E-4 
PER17 (Peroxidase 17) gb|CF632606 1.49 1.15E-6 
Ankyrin repeat family protein gb|CO525571 1.55 1.72E-7 
ERD15 (Early Responsive to dehydration 15) gb|CF626396 1.66 5.86E-9 
ADF11 (Actin Depolymerizing Factor 11) gb|CK370627 1.67 3.80E-9 
AtEXPB2 (Arabidopsis thaliana Expansin B2) gb|BI142341 2.11 0.00E+0 
Proline-rich family protein gb|BM079148 2.25 0.00E+0 
peroxidase, putative gb|AF037033.1 2.44 0.00E+0 
pollen Ole e 1 allergen and extensin family protein gb|AY106201.1 2.48 0.00E+0 
Hydroxyproline-rich glycoprotein family protein gb|BU499802 2.64 0.00E+0 
AGP16 (Arabinogalactan protein 16) gb|CK370715 3.29 0.00E+0 
 
Supplemental Table 3: Differential expression of genes involved in cell wall and 
cytoskeleton formation between Cm484 and F98902 lines. Experiments were performed with 
























CONCLUSIONS GÉNÉRALES ET PERSPECTIVES 
 
Lors de mes travaux de thèse, nous avons pour la première fois grâce au génie 
génétique pu modifier l’expression du gène ZmCCR1 chez une graminée, le maïs. En mettant 
en évidence un rôle potentiel du gène CCR1 dans la biosynthèse des sous unités H chez le 
maïs, nous avons ainsi fait un pas vers la compréhension de la synthèse de cette sous-unité. 
Nous avons également souligné l’importance de la proportion des tissus lignifiés, notamment 
du sclérenchyme périvasculaire, dans la détermination de la digestibilité. Une comparaison de 
la lignification de l’entrenœud sous-épi de deux lignées de digestibilité contrastée a permis de 
démontrer un « timing » de lignification différent pour ces deux lignées. En effet, la lignée de 
mauvaise digestibilité a son sclérenchyme fasciculaire et son parenchyme qui se lignifient 
plus tôt que ces mêmes tissus chez la lignée de bonne digestibilité. Au cours de ma thèse, j’ai 
été amené à développer la technique de microdissection laser au laboratoire, j’ai ainsi pu 
isoler des tissus lignifiés afin d’effectuer les microdosages de lignines. Les résultats sont 
discutés dans les paragraphes ci-dessous. 
 
1. CCR1 = un gène candidat de choix pour les sélectionneurs 
La caractérisation phénotypique et moléculaire du mutant d’insertion Zmccr1-, nous a 
permis de montrer qu’une modification de la qualité des lignines pouvait être réalisée sans 
pour autant diminuer les qualités agronomiques du maïs. Effectivement, chez le mutant, 
malgré une augmentation du rapport S/G et une diminution des unités H, un gain conséquent 
de digestibilité a été observé. Il est a noté que la commercialisation du mutant Zmccr1- est en 
cours d’étude. 
Jusqu’à présent, les études d’amélioration de digestibilité chez le maïs s’intéressaient  
essentiellement aux teneurs en lignine et au rapport S/G. La caractérisation du mutant Zmccr1- 
a permis de souligner l’importance des unités H dans la détermination de la digestibilité. 
Plusieurs études sur de sous-expressions du gène CCR chez le tabac (Ralph et al., 1998 ; 
O’Connell et al., 2002), le peuplier (Leplé et al., 2007),Arabidopsis (Goujon et al., 2003), la 
luzerne (Nakashima et al., 2008) et un épicéa (Wadenback et al., 2008),  montraient 
également une réduction de la teneur en unités H. A contrario, une  augmentation des unités H 
a été observée chez la luzerne (Ralph et al., 2006 ; Pu et al., 2009) et Arabidopsis 
(Abdulrazzak et al., 2006) sous-exprimant la C3H (p-coumarate 3-hydroxylase).  Il semble 





donc que ces deux gènes, utilisant directement ou indirectement le coumaroyl-CoA comme 
substrat, aient un effet opposé dans la voie de biosynthèse des unités H. Il serait donc 
intéressant d’analyser l’effet qu’aurait une sous-expression ou sur-expression du gène C3H 
chez le maïs. Le croisement ultérieur des maïs CCR1- et C3H- ou sur-exprimant un de ces 
gènes permettrait certainement de comprendre comment est régulé le pool de coumaroyl-CoA 
entre les deux enzymes. 
Il a aussi été démontré que la CCR pouvait avoir un rôle dans les interactions 
plantes-pathogènes. Effectivement, une étude menée par Kawasaki et al., 2006 a mis en 
évidence que la CCR était un effecteur des Rac GTPase  et intervenait ainsi dans les 
mécanismes de défense chez le riz. Plus récemment, Bart et al., 2010 ont quant à eux 
démontré qu’une « CCR-like », chez le riz, était nécessaire pour conférer une immunité vis-à-
vis de Xanthomonas. Il serait donc intéressant de tester la réponse du mutant Zmccr1- en 
présence de différents pathogènes du maïs. Une étude sur la symbiose endomycorhizienne 
entre les racines de maïs et de Glomus intraradices a été menée dans l’équipe en collaboration 
avec Christophe Roux (Jourda, en préparation) et aucune induction du gène CCR n’a été 
démontrée. Par contre chez le riz, Güimil et al., 2005 ont montré qu’une CCR putative était 
surexprimée dans le cadre de cette symbiose endomycorhizienne.  
 
II. Parenchyme et sclérenchyme périvasculaire lignifiés = facteurs déterminant la 
digestibilité ? 
La mesure des surfaces des différents tissus de la tige de maïs nous a permis de faire 
un pas en avant dans la compréhension de la digestibilité à l’échelle cellulaire. En effet, les 
résultats démontrent que la lignée de mauvaise digestibilité avait une surface de parenchyme 
de la couronne externe et de sclérenchyme lignifié entourant les faisceaux, plus importante 
que la lignée de bonne digestibilité. Nous avons également souligné l’importance du nombre 
et de la taille des faisceaux. Méchin et al., 2005 avaient trouvé une forte corrélation entre la 
surface de tissus lignifiés et la teneur en lignine ainsi qu’une corrélation entre le nombre et 
l’épaisseur du sclérenchyme sous-épidermique. 
Pour confirmer le rôle qu’aurait le sclérenchyme périvasculaire et le parenchyme de 
la couronne sur la digestibilité, il serait intéressant de cribler par imagerie un plus grand 
nombre de lignées (exemple : parmi les 350 lignées de référence, mis au point à l’INRA du 
Moulon) et caractérisées pour un certain nombre de caractéristiques pariétales. Pendant ma 
thèse, j’ai commencé à analyser la distribution de la taille des faisceaux de trois autres lignées 
Figure 1. Répartition des faisceaux de la couronne externe de cinq lignées de digestibilité
différente en fonction de leur surface. Cm484, F2 et F7085 sont des lignées de bonne
digestibilité alors que F98902 et F7033 sont de mauvaise digestibilité.




(Figure 1). Les premiers résultats permettent de confirmer que les lignées possédant peu de 
faisceaux associés à une surface importante de sclérenchyme périvasculaire étaient de faible 
digestibilité.  Et qu’au contraire, les lignées de bonne digestibilité ont beaucoup de petits 
faisceaux vasculaires entourés de très peu de sclérenchyme dans la couronne externe. 
Afin de mieux comprendre l’importance du « patterning » tissulaire et la dégradation  
de la tige de maïs, une étude de dégradation in vitro avec une enzyme commerciale, Celluclast 
coupant les liaisons β-(14) de la cellulose, a été entreprise. Elle a permis de mettre en 
évidence une mauvaise fragmentation du parenchyme de la couronne externe chez la lignée de 
mauvaise digestibilité. Par ailleurs, aucune dégradation du sclérenchyme périvasculaire n’a 
été observée. Il serait intéressant de tester l’effet d’autres enzymes (spécifique à certaines 
liaisons comme par exemple les xylanases qui coupe les liaisons entre des xylanes) ou des 
cocktails enzymatiques (exemple : Filtrase qui a une activité principale β1,3-1,4-glucanase 
mais aussi endo-xylanase et d’autres hemicellulase). Les produits de dégradation pourraient 
être analysés par HPLC, nous permettant ainsi de mettre en évidence les liaisons qui existent 
entre les différents composés de la paroi ou du moins mettre en évidence les liaisons qui sont 
les plus accessibles à une attaque enzymatique. Au-delà, nous pourrions isoler les tissus 
lignifiés par microdissection laser afin de déterminer si le même tissu, par exemple du 
sclérenchyme périvasculaire, provenant de différentes lignées a une dégradabilité semblable 
ou pas vis-à-vis d’une enzyme donnée.  
 
III. La microdissection laser : outil pour l’identification des gènes de 
différenciation du sclérenchyme 
Dans notre étude, les mesures de surface et les analyses de dégradation ont permis de 
souligner l’importance du sclérenchyme entourant les faisceaux comme facteur clés 
déterminant la digestibilité. Il serait intéressant d’identifier le(s) gène(s) de différenciation de 
ce tissu chez le maïs. Pour cela la technique de microdissection laser est un outil de choix 
pour isoler ce tissu et en extraire les ARNs en vue d’une analyse transcriptomique. Pendant 
ma thèse, j’ai réussi à mettre en place la technique de microdissection laser au laboratoire. 
Trois types d’appareils, utilisant des lasers infrarouge ou ultra-violet, avaient été testés au 
laboratoire. Nous avons ainsi pu déterminer que pour isoler les tissus lignifiés avec succès, il 
fallait découper les cellules avec un laser ultra-violet. Grâce à cette mise au point, du 
sclérenchyme avait été isolé afin d’en analyser la composition (voir Chapitre 2 du manuscrit). 
En vue d’une analyse transcriptomique sur tissu isolé des mises au point avaient débuté. En 





effet, nous avons pu déterminer que pour obtenir une plus grande quantité d’ARNs, une 
fixation dans l’éthanol/ acide acétique (3:1) est nécessaire. Afin d’extraire des ARNs de 
meilleures qualité, une inclusion à froid plutôt qu’en paraffine est conseillée. Les différents 
paramètres de découpe à froid, comme l’épaisseur et la température de l’échantillon, la 
température du couteau, la vitesse de découpe, ont été mis au point pour les deux lignées de 
digestibilité différente. L’étape la plus délicate qui reste à être mis au point, avant la découpe 
au laser, est l’étape qui consiste à enlever le milieu d’inclusion. En effet, ce milieu, s’il n’est 
pas complètement enlevé de la coupe, empêche la découpe par le laser ultra-violet. Au final, 
les expériences préliminaires pour extraire les ARNs se sont avérées plus délicates et de 
nombreux paramètres restent à être optimisés (protocoles d’extraction et d’amplification 
ARNs). 
 
IV. Peut-on établir un lien entre la précocité de floraison, la hauteur de la plante 
et la digestibilité ? 
Lors de cette étude, nous avons démontré que la lignée de bonne digestibilité avait 
une floraison précoce associée à une petite taille tandis que la lignée de mauvaise digestibilité 
fleurissait deux semaines plus tard et avait une plus grande taille. Chez le maïs, globalement 
beaucoup de variétés précoces se caractérisent par une bonne digestibilité. Chez Arabidopsis, 
il a été montré qu’il existait une colocalisation entre QTL de floraison et QTL contrôlant le 
rapport xylème/phloème chez Arabidopsis (Sibout et al., 2008). Ainsi lors de l’apparition de 
l’inflorescence, les gènes codant les enzymes de la voie de biosynthèse de la cellulose et des 
lignines étaient surexprimés. Chez le maïs, certains QTLs de floraison co-localisent avec des 
QTLs de hauteur de plante (Lin et al., 1995). À ce jour, aucune étude n’a été publiée sur une 
colocalisation entre les QTLs de floraison et QTLs de digestibilité. En s’appuyant sur un 
tableau de Barrière et al., 2007 répertoriant les QTLs putatifs responsable de la teneur en 
lignine chez le maïs, nous avons identifié trois bins (1.10, 5.06 et 8.05), qui colocalisent avec 
des QTLs de floraison (Lin et al., 1995). L’observation de trois autres lignées (voir partie II de 
la conclusion générale) suggère également une liaison entre précocité de floraison et bonne 
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démontré, chez le maïs, que la mutation du gène ZmCCR1 (Cinnamoyl-CoA reductase), 
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proportion de tissus lignifiés, plus particulièrement du sclérenchyme périvasculaire. Au-delà, 
le développement de la microdissection laser (LCM) a permis de souligner la différence de 
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